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Abstract 
 
Enhanced Surface Melting of the Fennoscandian Ice Sheet during Stadials 
 
Steven M. Boswell 
 
Unexpected melting of Northern Hemisphere ice sheets during periods of 
regional cooling characterizes the climate of the last glacial period. While the Heinrich 
Events are the most well-studied example of this phenomenon, Samuel Toucanne and 
colleagues recently documented evidence of Fennoscandian Ice Sheet melting during 
Heinrich Stadials, the cold periods during which Heinrich Events occur. In this 
dissertation, I use the geographic provenance of sediments in the Bay of Biscay, a 
proxy for Fennoscandian Ice Sheet melting, along with other paleoclimate records to: 
(1) demonstrate the persistence of abrupt Fennoscandian Ice Sheet melting as a 
feature of the Pleistocene climate system, (2) develop a self-consistent explanation for 
the synchronous melting of ice sheets in the North Atlantic region, and (3) elucidate the 
timing of abrupt climate change in the Northern Hemisphere. 
I begin by introducing a framework for inferring the subglacial transport distance 
of fine sediments from coupled provenance and grain size analyses. This chapter 
untangles the relationships between the source, size, transport history, and 
geochemical signature of glacigenic sediments in northern Europe, clarifying the 
geographical significance of sediment provenance in the Bay of Biscay. I then develop a 
new method for the spectral analysis of unevenly sampled time series. In the following 
chapter, I apply the new spectral method to time series of Fennoscandian Ice Sheet 
melting, Laurentide Ice Sheet melting, and solar activity changes during the last glacial 
period. Doing so reveals a coherence between ice sheet melting and solar activity and 
helps explain the quasi-periodic melting of ice sheets on millennial timescales. I then 
extend the neodymium isotope provenance record of Fennoscandian Ice Sheet melting 
through Marine Isotope Stage 6, demonstrating that enhanced summertime melting of 
the FIS during Heinrich Stadials is a recurring feature of glacial periods. In the final 
chapter, I document a relationship between the occurrence of abrupt ice sheet melting 
in the Northern Hemisphere and the precession of Earth’s spin axis to reveal an 
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The repeated growth and decay of continental ice sheets, paced by the 
astronomical cycles of variability in the latitudinal distribution of insolation (Hays et al., 
1976; Imbrie et al., 1984; 1992), characterizes the Earth’s climate system during the 
Pleistocene Epoch. In the Early Pleistocene, individual ice ages lasted ~40 kyr in 
response to changes in Earth’s obliquity (Lisiecki and Ramyo, 2005; Huybers, 2006). 
With long-term cooling of the Earth’s surface increasing the energy threshold required to 
initiate deglaciation, glacial cycles transitioned to average lengths of 100 kyr by ~800 ka 
(e.g., Lisiecki and Raymo, 2005). As a result, the ice sheets post-dating this Mid-
Pleistocene Transition (MPT) reached greater volumes (e.g., Hodell et al., 2008). 
In the Northern Hemisphere (NH), complexes of these massive ice sheets 
regularly occupied large portions of the North American and European continents. In 
contrast to the ephemeral Laurentide and Cordilleran Ice Sheets (LIS and CIS, 
respectively) of the North American mainland, the Greenland Ice Sheet (GIS) persists to 
the present. During the Last Glacial Maximum (LGM), the North American Ice Sheets 
sequestered ~82 m of volume as measured in terms of sea level equivalence (SLE; 
Clark and Mix, 2002). By comparison, the European Ice Sheets (EIS), composing the 
Fennoscandian, British-Irish, and marine based Barents-Kara Ice Sheets (FIS, BIIS, and 
BKIS, respectively), measured ~24 m SLE at the LGM (Hughes et al., 2016). As 
evidence of the variability of individual ice sheet configurations between glacial periods, 
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the EIS composed the largest NH ice complex ~160 ka BP during MIS 6 (Lambeck et 
al., 2006). 
With the transition to 100-kyr glacial cycles, the voluminous NH ice sheets began 
to provide evidence of abrupt climate destabilization seemingly unrelated to changes in 
the Earth’s orbital parameters (e.g., Hodell et al., 2008). Channell et al. (2012), for 
instance, provide a 750 kyr record of suspected Heinrich Events (HEs) in the North 
Atlantic. The HEs, corresponding to the dramatic expulsion of iceberg armadas from the 
Hudson Strait sector of the LIS (Hemming et al., 2004), remain an enduringly enigmatic 
but well-studied feature of the climate system. The record and chronology of HEs is 
well-developed during the last glacial period (MIS 2-4; e.g., Hemming, 2004; Hodell et 
al., 2008; Channel et al., 2012), revealing that HEs occur at the end of extensive 
periods of cooling in the North Atlantic (e.g., Bond et al., 1993), termed Heinrich 
Stadials (HS). 
An emergent paradigm contends that injections of freshwater from the 
continental ice sheets of the NH are requisite for the termination of glacial periods (see 
Toucanne et al., 2015). Freshwater fluxes to the North Atlantic, such as those provided 
by HEs, disrupt the Atlantic meridional overturning circulation (AMOC) (e.g., Hall et al., 
2006), driving the upwelling of Southern Ocean waters and correspondent release of 
CO2 into the atmosphere (Denton et al., 2010). Heinrich Event 1, for instance, was 
followed by a shutdown of the AMOC and Termination 1 (McManus et al., 2004), and it 
appears that HEs (or Heinrich-like Events) preceded previous Terminations as well 
(e.g., Channell et al., 2012). 
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Because of their role in the termination of glacial periods and the unexpected 
nature of major ice sheet melting during cold periods, the triggering mechanism for HEs 
is an active field of paleoclimate inquiry. Models of HE triggering include orbital pacing 
(e.g., Heinrich, 1988), unforced binge-purge oscillations (MacAyeal, 1993), and 
subsurface ocean warming (e.g., Shaffer et al., 2004; Alvarez-Solas et al., 2010; 2013; 
Marcott et al., 2011; Bassis et al., 2017). The search for an astronomical origin of the 
HEs was largely abandoned after HE chronologies revealed a recurrence interval that 
was not consistent with any meaningful fraction of the orbital cycles (e.g., Bond et al., 
1992). In the manuscript outlining the binge-purge mechanism for HE triggering, 
MacAyeal (1993) acknowledges that synchronized melting of North Atlantic-adjacent ice 
sheets would be incompatible with his model of free oscillations. Both the existence of 
such synchronous melting (Grousset et al., 1993; Grousset et al., 2001; Toucanne et 
al., 2015; Boswell et al., Ch. 5) and the pacing of HEs by shorter cycles of North Atlantic 
climate change (e.g., Bond et al., 1993) rule out the binge-purge mechanism. Although 
a developing consensus contends that HEs are the result of subsurface ocean warming 
(e.g., Shaffer et al., 2004; Alvarez-Solas et al., 2013), the control for this requisite ocean 
warming remains unresolved. Recent evidence from the EIS offers a new perspective. 
Toucanne et al. (2015) documented 5 episodes during which the Channel River 
transported heightened fluxes of sediments with non-radiogenic Nd isotope signatures 
to the Bay of Biscay at the end of the last glacial period (Fig. 1.1). The Channel River is 
the sea level lowstand precursor to the modern English Channel, integrating rivers from 
the British Isles, France, and the Northern European Plain (NEP; Gibbard, 1998). By 
fingerprinting the Nd isotope signature of sediments from Bay of Biscay core MD95-
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2002 to continental terranes in mainland Europe, Scandinavia, and the British Isles, 
Toucanne et al. (2015) determined that these 5 episodes correspond to melting of the 
southern FIS margin. Three of the melting episodes are contemporaneous with HSs 1-3 
(Fig. 1.1), identified with confidence because of the precision of radiocarbon dating in 
core MD95-2002 (Toucanne et al., 2015). 
Because FIS melting regularly precedes the onset of HEs at the end of the last 
glacial period, Toucanne et al. (2015) contend that EIS meltwater injection to the North 
Atlantic may be a missing link in the causal chains of HE triggering and ice age 
termination. However, the southern margin of the FIS (i.e., the site of melting during the 
HSs) is located in the continental interior of Europe. In contrast to the buttressing ice 
shelves of the marine-terminating LIS margin, the southern FIS could not be melted by 
subsurface ocean warming.  
A multitude of questions arise from the results of Toucanne et al. (2015), the 
answers to which are elaborated upon in the following chapters. First, if subsurface 
ocean warming (of the southern FIS) and free oscillations can be ruled out, what is the 
triggering mechanism for abrupt ice sheet melting events across the Northern 
Hemisphere? Second, is the synchroneity of FIS and LIS melting during HSs unique to 
the last glacial period or does it represent an enduring feature of the Pleistocene climate 
system? Third, what explains the apparent regularity of FIS melting at the end of the last 
glacial period, and can we relate this recurrence of melting to an external pacemaker? 
Lastly, can the extended record of abrupt ice sheet melting events in the Northern 
Hemisphere provide new insights into the timing and mechanisms of multi-millennial 
climate change more broadly? 
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In Chapter 2, I present a method for inferring the subglacial transport distance of 
fine glacigenic sediments from coupled provenance and grain size analyses. While this 
chapter focuses on discerning the distances of comminuted sediment transport by the 
Baltic Ice Stream, its findings are relevant to understanding how differences in 
subglacial dynamics between glacial periods affect the provenance of the sediments 
routed to the Bay of Biscay. The Toucanne et al. (2015) paper, upon which this 
dissertation is largely motivated, uses the Nd isotope signatures of glacigenic sediments 
deposited near the terminal margins of the EIS to fingerprint the geographic origin of 
sediments transported to the Bay of Biscay. I demonstrate that the Nd signature of the 
glacigenic sediments studied by Toucanne et al. (2015) and in Chapter 5 can be 
understood as a mixture of far-transported (comminuted) and local (non-comminuted) 
sediments from the NEP. The Weichselian sediments (Toucanne et al., 2015; Boswell 
et al., 2018) contain a small percentage of far-transported grains that skew the Nd 
signature of the samples nonetheless. As such, fingerprinting of glacigenic sediments 
specific to each glacial period is necessary to account for differences in the sources and 
volume of long-distance sediment transport by different iterations of the Baltic Ice 
Stream. Ch. 2 was published in Earth and Planetary Science Letters. 
In Chapter 3, I present a new method for the spectral analysis of unevenly 
sampled time series. Nonuniform sampling is common in paleoclimate studies, leading 
to biased estimates of spectral density. Time series of interest to this dissertation, 
including the neodymium provenance record of Toucanne et al. (2015), are unevenly 
sampled. In particular, the Toucanne et al. (2015) record showcases many of the 
problems occurring in traditional paleoclimate time series: it is short, unevenly sampled, 
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and contains dating errors. When a time series is sampled so unevenly and must be 
interpolated to uniform spacing, can we have confidence in its spectral representation? 
We demonstrate that linear interpolation of time series can seriously bias the spectral 
estimate, leading to false positives and negatives in the spectra. This finding is not 
widely appreciated by the geophysical community despite being, in a sense, known 
(e.g., Horowitz, 1974; Schulz and Statteger, 1997). At the time of writing, Ch. 3 is in 
press with Advances in Intelligent Systems and Computing.  
In Chapter 4, I apply the spectral method introduced in Chapter 3 to time series 
of ice melting and solar activity from MIS 2 and 3. These time series include: (1) the Nd 
provenance record of FIS melting during the last glacial period (Toucanne et al., 2015), 
(2) the Site 609 hematite-stained grain (HSG) record of LIS melting (Bond et al., 1999; 
Obrochta et al., 2012), (3) the GISP2 10Be flux solar activity proxy (Muscheler et al., 
2005), and (4) the atmospheric Δ14C solar activity proxy from Lake Suigetsu, Japan 
(Bronk Ramsey et al., 2012). All four time series are revealed to be coherent at the 
same period (~2400 years), suggesting that the Hallstatt solar cycle (external forcing) 
drives ice sheet melting (internal response) during the late last glacial period (~14-31 
ka). The spectral analysis method introduced in the previous chapter is crucial to 
analyzing the frequency information of these records while minimizing method-imparted 
bias. 
In Chapter 5, we extend the Nd isotope provenance record of EIS melting 
through MIS 6 by analyzing sediments from marine core MD03-2692. This enables us to 
discern whether the melting of the FIS margins during cold periods, as observed by 
Toucanne et al. (2015), is unique to the last glacial period or is a recurring feature of 
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Pleistocene glaciations. We identify an interval of Channel River discharge with 
provenance signatures that unequivocally correspond to southern Baltic sources. This 
episode, inferred to represent melting of the southern, land-terminating FIS margin, 
occurs during an extended stadial and precedes an HE. From this evidence, we 
conclude that the enduring teleconnection between the LIS and FIS during Heinrich 
Stadials is a regular feature of the Pleistocene climate system. Ch. 5 was recently 
submitted for publication. 
In Ch. 6, I document a relationship between the precession of Earth’s spin axis, 
insolation at summer solstice (65°N), and the occurrence of abrupt ice sheet melting 
events (AIMEs, i.e., LIS and FIS melting during HSs) in the Northern Hemisphere. In 
addition to explaining the timing of ice sheet melting events, the orbital control is 
consistent with the onset of HEs after the MPT and helps explain the hemispheric 
synchroneity of FIS and LIS melting. 
In Chapter 7, I conclude the dissertation by synthesizing the previous chapters 
into a new framework for rationalizing the timing and mechanisms of abrupt climate 
change in the NH. I then speculate on why EIS meltwater injections into the North 
Atlantic during the local glacial maximum in Europe ca. 155 ka did not trigger the 








Refer to Toucanne et al. (2015) for the unmodified version of this figure1. Greater 
abundances of N. pachyderma (s.) correspond to colder climates at the MD95-2002 
core site (Zaragosi et al., 2001). More non-radiogenic (i.e., more negative) εNd 
signatures of MD95-2002 sediments correspond to intervals of southern FIS margin 
melting (R1-5; Toucanne et al., 2015). Representative εNd signatures for the 
Fennoscandian (SIS, blue) and British-Irish Ice Sheets (BIIS, green) are inferred from 
glacigenic (boxes) and riverine sediments (circles) (Toucanne et al., 2015). Melting of 
the FIS is recorded during Heinrich Stadials 1, 2, and 3.  
                                                
1 Adapted from Quaternary Science Reviews, Vol. 123, Toucanne, S., Soulet, G., 
Freslon, N., Jacinto, R.S., Dennielou, B., Zaragosi, S., Eynaud, F., Bourillet, J.F. and 
Bayon, G., Millennial-scale fluctuations of the European Ice Sheet at the end of the last 
glacial, and their potential impact on global climate, pp. 113-133, Copyright (2015), with 




Continental-scale transport of sediments by the Baltic Ice Stream elucidated by 
coupled grain size and Nd provenance analyses 
 
Steven M. Boswell, Samuel Toucanne, Timothy T. Creyts, Sidney R. Hemming 
 




 We introduce a methodology for determining the transport distance of 
subglacially comminuted and entrained sediments. We pilot this method on sediments 
from the terminal margin of the Baltic Ice Stream, the largest ice stream of the 
Fennoscandian Ice Sheet during the Last Glacial Maximum. A strong correlation 
(R2=0.83) between the εNd and latitudes of circum-Baltic river sediments enables us to 
use εNd as a calibrated measure of distance. The proportion of subglacially transported 
sediments in a sample is estimated from grain size ratios in the silt fraction (<63 µm). 
Coupled εNd and grain size analyses reveal a common erosion source for the Baltic Ice 
Stream sediments located near the Åland sill, more than 850 km upstream from the 
terminal moraines. This result is in agreement with both numerical modeling and 
geomorphological investigations of Fennoscandinavian erosion, and is consistent with 
rapid ice flow into the Baltic basins prior to the Last Glacial Maximum. The methodology 
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introduced here could be used to infer the distances of glacigenic sediment transport 
from Late Pleistocene and earlier glaciations. 
 
2.2 Introduction 
 Ice streams act as the arteries of ice sheets (Bennett, 2003), delivering large 
quantities of ice from interior regions of positive mass balance to the margins (e.g., 
Rignot et al., 2008). Ice streams flow via internal ice deformation, sliding of basal ice 
across the bed, and the deformation of subglacial sediments (Cuffey and Paterson, 
2010). The transport of sediment provides an important constraint on the basal 
conditions and processes beneath former ice streams (e.g., Clark, 1987; Houmark-
Nielsen, 1987; Kjær et al., 2003; Stokes et al., 2015). 
 The Baltic Ice Stream was the largest of the Fennoscandian Ice Sheet (FIS) ice 
streams (Hughes et al., 2016; Stroeven et al., 2016), flowing south into the topographic 
lows of the Bothnian and Baltic Sea basins (Fig. 2.1; Houmark-Nielsen, 1987; Kleman et 
al., 1997; Boulton et al., 2001; Patton et al., 2016). From the initiation of fast flow around 
38-35 ka BP, the Baltic Ice Stream advanced and retreated over the Baltic Sea basin 
several times.  The ice stream reached its southern terminus in Denmark, Germany, 
and Poland during the Last Glacial Maximum ca. 23 to 21 ka BP (LGM; Hughes et al., 
2016; Toucanne et al., 2015). 
 Numerical modeling of the FIS suggests an area of high subglacial erosion 
between the central Bothnian and central Baltic Seas (Fig. 2.1; Patton et al., 2016). This 
zone of maximal erosion is consistent with a wide region of glacial scouring and till 
removal near the Åland sill (Kleman et al., 2008), and 41-60% of LGM boulder and 
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gravel indicators in the southern Baltic correspond to this this erosion source (Overweel, 
1977). The transport history of fine sediments by the Baltic Ice Stream, however, is less 
certain. 
 Isotopic provenance, in which transported sediments are fingerprinted and 
referenced to the signatures of other rocks in the basin, provides a robust interpretation 
of the source of Baltic Ice Stream sediments (i.e., Toucanne et al., 2015). Isotope 
methods are particularly valuable for fine sediments, as petrographic identification is 
difficult at this scale.  
In this study, we present a new method for discerning the distance of fine 
sediment transport by ice sheets. We pair the grain size distributions and εNd of 
glacigenic silts to identify sources for far-traveled and distally-sourced sediments. For 
sediments collected near the LGM terminus of the FIS in Denmark, Germany, and 
Poland, we document continental scale transport of the coarse silt fraction. Our 
reinterpretation of the glacigenic sediment εNd record in the southern Baltic provides a 
convergence among geochemical, geomorphological, and numerical model results of 
sediment sources and transport by the Baltic Ice Stream. 
 
2.2.1 Provenance characterization of εNd in the Baltic Sea region 
The origin of glacigenic sediments can be inferred from the Sm-Nd isotope 
system and corresponding εNd values. εNd is the parts per ten thousand deviation of 
143Nd/144Nd in a sample from the chondritic uniform reservoir, or CHUR, where 143Nd is 
the alpha decay product of 147Sm. Sm is less incompatible during mantle melting than 
Nd, and thus Nd is preferentially enriched in the melts that separate from the mantle. 
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Because the Sm/Nd ratio of continental crust is relatively low and mostly uniform (Taylor 
and McLennan, 1985; Goldstein and Jacobsen, 1988), the εNd of continental crust and 
its detritus becomes progressively more negative (non-radiogenic) with age (e.g., Taylor 
and McLennan, 1985; McLennan and Hemming, 1992; Bayon et al., 2015). The εNd of 
crustal material is typically unaffected by weathering, subsequent thermal events, or 
other forms of alteration (Taylor and McLennan, 1985). Processes occurring during 
sediment transport do not change the εNd of rock fragments, so the sources of 
glacigenic sediments deposited by the Baltic Ice Stream can be ascertained from their 
εNd. 
Because rivers integrate the sediments within their catchments, the εNd values of 
detrital grains reflect the relative formation ages of constituent crust. The interpretation 
of these εNd values (Soulet et al., 2013; Freslon et al., 2014; Toucanne et al., 2015) is 
consistent with the bedrock geology of the Fennoscandian region (Fig. 2.1; Gaál and 
Gorbatschev, 1987; Gorbatschev and Bogdanova, 1993). Archean bedrock (>2.5 Ga) 
lies to the north and east of the Gulf of Bothnia in northern Finland and northwest 
Russia. Much of the remaining terrane in circum-Baltic Fennoscandia (i.e., Sweden, 
Finland, and Denmark) is Paleoproterozoic in age (2.0 - 1.65 Ga), with the youngest 
bedrock concentrated in Denmark and southwest Sweden. Fennoscandia was altered 
by both the Sveconorwegian-Grenville orogeny (1.2 - 0.9 Ga) and Caledonian orogeny 
(0.5 - 0.4 Ga), but these produced relatively little new continental crust in the region 
(e.g., Mykkeltveit et al., 1980; Gaál and Gorbatschev, 1987; Gorbatschev and 
Bogdanova, 1993). The relationship between river sediment εNd and regional outcrop 
geology is obscured in the southern and southeastern Baltic, however, by the extensive 
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coverage of Phanerozoic sedimentary rocks (i.e., Winterhalter et al., 1981). Because 
the depositional ages of these sedimentary units do not necessarily reflect the formation 
ages of their constituent fragments, we rely on the εNd of the rivers that drain these 
terranes to rigorously fingerprint their crustal signatures. 
 
2.2.2 Comminution 
 Subglacial sediments are crushed and abraded against the bedrock and other 
clasts by the flow of ice. This reduction of clasts to smaller fragments is termed 
comminution. The integrated effect of comminution leads to characteristic grain size 
distributions (e.g., Haldorsen, 1981; Hooke and Iverson, 1995). Dreimanis and Vagners 
(1971, 1972) observed that there is a comminution threshold, or terminal grade, at 
which sediment grains are not reduced beyond a particular size, even with continued 
subglacial transport. The terminal grade is likely controlled by a minimum fracture length 
that is influenced by the presence of microcracks, the sizes of crystals, and mineral 
hardnesses (e.g., Barenblatt, 1962; Dreimanis and Vagners, 1971). When a clast is 
reduced below the terminal grade, fracturing does not continue and comminution 
ceases. Each mineral has its own terminal grade (Dreimanis and Vagners, 1971; 1972).  
 The terminal grades of feldspars, amphiboles, pyroxenes, and heavy minerals 
are between ~30 and 63 µm (Dreimanis and Vagners, 1972). The terminal grain sizes of 
quartz and carbonate minerals contain “major” modes in this coarse silt fraction, though 
their terminal grades extend to 4 µm (Dreimanis and Vagners, 1972). Feldspars are the 
predominant mineral of Earth’s continental crust, and heavy minerals dominate the rare 
earth element concentrations and thus the εNd of silts and sand-sized sediments (e.g., 
 14 
Garcon et al., 2014). Accordingly, the coarse silt fraction (30-63 µm) of glacigenic 
sediments increases with transport distance and contains the mineral assemblage that 
is mixed through comminution and transport along the ice stream path. Heavy minerals 
would be comminuted to the terminal grade after approximately 80 to 180 kilometers of 
transport at the glacial bed, with less transport being necessary for comminution to the 
terminal grade among the less resistant minerals (Dreimanis and Vagners, 1971). 
Therefore, heterogeneities in the εNd of fine glacigenic sediments are minimized by the 
long transport distances required for terminal comminution of heavy minerals.  
 
2.3 Materials and Methods 
2.3.1 Glacigenic and Riverine Sediments 
 Modern riverine sediments were collected (by other researchers) from the 
estuaries and lagoons of various rivers draining into the Baltic and Bothnian Sea basins 
(Table 2.1; Fig. 2.1; Toucanne et al., 2015). Rivers of the western and northern Baltic 
basin, including the Umealven, Lulealven, Kiiminkijoki, and Kymijoki, drain the widely-
exposed crystalline bedrocks of the Fennoscandian Shield while the rivers of the 
southern and southeastern Baltic, including the Elbe, Oder, Vistula, Neman, Daugava, 
Gauja, and Narva, integrate the diverse Phanerozoic sedimentary rocks of the East 
European Platform (Table 2.1; Winterhalter et al., 1981; Andersson et al., 1992). The 
catchment of the Neva river, with its terminus in the easternmost Gulf of Finland, 
includes both Precambrian and Phanerozoic basement rocks. 
 Glacigenic sediments from the Late Weichselian (Last Glacial) were collected 
from moraines, ice-marginal valleys (IMVs), and proglacial lakes along the southern 
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margin of the Baltic Ice Stream terminus in Denmark, Germany, and Poland (Table 2.2; 
Toucanne et al., 2015). Outwash sediments from the Brandenburg-Leszno advance 
phase (23.4±0.3 to 20.3±0.2 ka BP, Toucanne et al., 2015) were acquired from the 
Głogów-Baruth IMV in Beelitz, eastern Germany (Lüghtens et al., 2010) and Karchowo 
and Hetmanice, western Poland (Krzyskowski et al., 1999). Tills and glacial diamicts 
from the Frankfurt-Poznan phase (18.7±0.3 to 18.2±0.2 ka BP) were gathered in 
Kozłowo, Glaznoty, Chrostkowo, and Obórki villages in eastern Poland (Wysota et al., 
2009; Tylman et al., 2012; Lesemann et al., 2010; Narloch et al., 2012). Outwash plain 
and glaciolacustrine sediments of the Pomeranian phase (16.7±0.2 to 15.7±0.3 ka BP) 
were recovered from Althüttendorf and Macherslust, respectively, in the Torun-
Eberswalde IMV (Lüghtens et al., 2011). Additional glaciolacustrine sediments were 
sourced from the Brodtener Ufer cliff exposure on the Baltic shore in Travemünde 
(Kabel, 1983). These German and Polish sediments were collected by other 
researchers. 
 In Denmark, I collected samples from cliff exposures and gravel mining pits on 
the islands of Sjælland and Møn. Samples from Møn were identified in consultation with 
the lithostratigraphy of Houmark-Nielsen (1999). From a beach cliff in Tøvelde, I 
procured till samples from the pre-LGM Baltic advance (Klintholm, ~35 to 30.7±0.7 ka 
BP; Toucanne et al., 2015), the main LGM advance (Mid-Danish), and post-LGM 
readvance (Young Baltic). The upper half-meter of the Klintholm till contained 
pronouncedly larger gravel clasts than the lower section; we sampled both. At a nearby 
beach cliff in Hvide, I sampled a diamict from the Kobbelgård beds that post-dates the 
main LGM advance and has been correlated to the Allarp till in Skåne, Sweden 
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(Houmark-Nielsen, 1999). At a mining pit in Ledreborg, I acquired outwash sediments 
from the Mid-Danish advance and till from the overlying Young Baltic advance. Mid-
Danish outwash sediments were also gathered at Knarbos Klint, south of Ordrup Næs. 
The Mid-Danish advance is equivalent to the Brandenburg-Leszno advance in Germany 
and Poland, while the Young Baltic re-advances are correlative to the Frankfurt-Poznan 
and Pomeranian phases (Houmark-Nielsen and Kjær, 2003; Toucanne et al., 2015). 
 
2.3.2 Grain size and Nd isotope analyses 
 The grain size distributions of the bulk glacigenic sediments were measured by 
laser diffractometry on an LS200 Coulter at IFREMER in Brest, France (n=23). Samples 
were wet-sieved to remove gravels and then dried. Representative aliquots of the dried 
fractions were sonicated immediately prior to analysis to prevent clay flocculation. 
Volume percentages of grain size in each class were calculated from the mean of at 
least 3 replicates for each sample. We conservatively estimate the internal 
reproducibility of each measurement at the 1% level. I prepared and analyzed the Polish 
samples while other researchers prepared and analyzed the German and Polish 
samples. 
 Toucanne et al. (2015) reported Nd isotope analyses performed on the <63 µm 
fractions of circum-Baltic river sediments and glacigenic sediments from Germany and 
Poland (Tables 2.1, 2.2). Here, I report Nd isotope analyses from the <63 µm fraction of 
glacigenic sediments from Denmark using the same procedure (Table 2.2). Prior to 
digestion by alkaline fusion (Bayon et al., 2009), organic material, carbonates, and Fe-
Mn oxides were removed in the manner described by Bayon et al. (2002). Nd was then 
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isolated by ion-exchange chromatography. All Nd isotope measurements (Toucanne et 
al., 2015; this study) were performed at the Pôle Spectrométrie Océan in Plouzané, 
France using a Thermo Scientific Neptune multi-collector ICP-MS. Nd isotopic 
compositions of the samples were calculated by sample-standard bracketing, with the 
JNdi-1 standard solution analyzed every two samples. Exponential mass-bias 
corrections were applied to the Nd isotope ratios using 146Nd/144Nd = 0.7219, and the 
mass-bias corrected 143Nd/144Nd values were normalized to a JNdi-1 value of 
143Nd/144Nd = 0.512115 (Tanaka et al., 2000). The estimated uncertainty of our 
measurements is ±0.3 ε-units (2σ) based on the external reproducibility of replicate 
analyses of the JNdi-1 standard solution (143Nd/144Nd = 0.512115 ± 0.000009, 2σ, 
n=31). Procedural blanks contained 7 and 12 pg of Nd while the samples contained 
between 1.4 x 105 and 9.0 x 105 pg of Nd. We report 143Nd/144Nd ratios in εNd notation, 
[(143Nd/144Nd)sample/(143Nd/144Nd)CHUR − 1] × 104, using the (143Nd/144Nd)CHUR value of 
0.512638 (Jacobsen and Wasserburg, 1980). 
 
2.3.3 Endmember Modeling of Sedimentary Processes 
 Silts compose a volumetrically significant but underutilized fraction of subglacially 
transported sediments since, due to their small size, petrographic identification of 
provenance is ineffective. As such, we seek to infer the relative transport distances of 
glacigenic sediments from their grain size distributions, specifically the relative 
concentrations of coarse silts. This strategy is based on empirical observations that the 
proportion of coarse silt in a till increases with transport distance (e.g., Dreimanis and 
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Vagners 1971; 1972). Here, we quantitatively verify the grain size signature of 
comminution in our samples by endmember modeling analysis (EMMA).  
EMMA is an eigenspace method of solving the bilinear mixing problem in which 
the number of endmembers (EMs) and their relative proportions are not known in 
advance (Weltje, 1997). EMMA explains the structure of observations in a dataset as a 
smaller number of non-negative EMs (Dietze et al., 2012). The grain size distributions of 
sediments are dominated by a discrete number of processes that can act to comminute 
and transport them. EMMA allows us to discriminate individual processes operating on 
the sediment distributions. 
 To evaluate the EMs, we perform singular value decomposition on the matrix of 
our grain size data and obtain the characteristic eigenvalues and eigenvectors following 
the method of Dietze et al. (2012). Each eigenvalue is paired to an eigenvector, and the 
normalized eigenvalues correspond to the percentage of variance in the data explained 
by the associated eigenvector. In practice, only a few eigenpairs are relevant because 
they explain most of the variance in the dataset. The selected eigenvectors are rotated 
orthogonally following the method of Kaiser (1958) and normalized. The EM scores, 
corresponding to the relative proportions of each EM in the grain size distributions, are 
estimated by least squares with non-negativity constraints (as introduced by Lawson 
and Hanson, 1974) from the grain size data matrix and the rotated and normalized 
eigenvectors. Lastly, the EMs are defined by rescaling the rotated and normalized 
eigenvectors to non-negative percentages such that each sums to 100% (Dietze et al., 
2012). 
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 To test whether the number of studied grain size distributions is enough to have 
certainty in our EMs, we resample the data with replacement, known as the bootstrap 
method (i.e., Efron and Tibshirani, 1994). For 1000 bootstrap samples, the EMMA was 
performed on 23 randomly selected grain size distributions with replacement allowing 
for the same distribution to be chosen multiple times per bootstrap. 
 
2.4 Results 
2.4.1 Grain Sizes 
 The proportion of subglacially transported sediment in each glacigenic sample is 
estimated from the relative abundances of coarse silt within the silt and clay fraction 
(30-63 µm / <63 µm). We term this ratio the comminution index. The comminution 
indices of the glaciolacustrine samples cluster between 0.12 and 0.24 (Table 2.2). The 
till and diamict samples range from 0.14 to 0.36. There is greater variability in the 
comminution indices of the glacial outwash deposits, from 0.10 to 0.64.  
 
2.4.2 Neodymium Isotopes 
 The εNd of the glacigenic sediments from Denmark are reported in Table 2.2 
(n=8). The εNd of these samples range from -16.4 to -14.9. For comparison, Toucanne 
et al. (2015) reported εNd of glacigenic sediments from Germany and Poland between -
16.5 and -12.4 (n=15, Table 2.2). From the εNd of terrigenous river sediments that drain 
into the Baltic and Bothnian Seas (Table 2.1), we document an approximately north-
south trend (R2=0.83, p < 10-5) in the formation age of exposed Fennoscandian crust 
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(Fig. 2.2). Prediction intervals (95%) for the trendline in Fig. 2.2 are calculated by 
bootstrapping of the observations with replacement (n=1000).  
 
2.4.3 Model Endmembers 
 We perform EMMA on the grain size distributions of the glacigenic sediments 
(n=23). We restrict our domain of consideration to particles between 2 and 125 µm 
because we are focusing on the processes that affect fine sediment size distributions. 
The EMMA identifies 3 EMs that can be mixed to explain 97% of variance in the data, 
satisfying a common criterion for EM selection (>95%, e.g., Reyment and Joreskog, 
1993). The first EM is predominantly composed of fine silt grains (79% ≤ 16 µm). The 
second EM mainly consists of medium and coarse silts (68% 16-63 µm). The third EM is 
mostly fine sand (51% 63-125 µm) and fine silt (31% ≤ 16 µm), but lacks medium and 
coarse silt (18% 16-63 µm). The robustness of the model is verified by bootstrapping 
the 95% confidence intervals for each EM (Fig. 2.3) and by ensuring that the form of the 
EMs is insensitive to the specific choice of grain size domain boundaries.  
 
2.5 Discussion 
2.5.1 Transport and Sorting Processes 
 Each of the three EMs appears to represent a different set of processes. We 
interpret the first EM to represent the concentration of fine silts that have been sorted 
hydraulically through glaciofluvial and lacustrine processes. The first EM scores highly 
for all of the glaciolacustrine and two of the outwash sediments. The tills from eastern 
Denmark also have elevated scores for the first EM, consistent with their incorporation 
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of chalk, limestone, and sandy marl substrata (i.e., Houmark-Nielsen and Kjær, 2003). 
The second EM has a pronounced mode in the terminal grain sizes of heavy minerals 
and feldspar, exhibiting characteristics of the comminution process (Dreimanis and 
Vagners, 1972). The third EM appears to characterize a poorly-sorted till that lacks 
medium and coarse silts that would have been concentrated by comminution (EM 2). 
Our interpretation is consistent with the third EM scoring highly for the German and 
Polish till samples and at low values for each of the glaciolacustrine sediments (Table 
2.2). 
We suspect that some of the glaciolacustrine and outwash sediments (Table 2.2) 
experienced significant post-transport sorting by water. Such sorting would alter the 
grain size proxy and possibly change the amount and concentration of the heavy 
minerals that control the εNd. We compare the proportions of coarse silt and fine sand 
(30-125 µm / <125 µm) in the glaciolacustrine and outwash sediments to the average of 
our German and Polish tills (0.48 ± 0.06 µm, 1σ) to quantify the relative sorting of these 
samples. All four glaciolacustrine sediments (from 0.13 to 0.29 µm) and two outwash 
sediments (0.11 and 0.18 µm) show depletion of coarse silt and fine sand relative to the 
German and Polish till deposits (Table 2.2). These six samples are likewise depleted in 
the third EM and enriched in the first EM. In contrast to the other outwash samples, the 
two outwash samples with low 30-125 µm / <125 µm ratios (Althüttendorf-b and Beelitz-
a) also have low scores for both EMs 2 (comminuted sediments) and 3 (washed-out till). 
Accordingly, we do not consider these six samples in the determination of sediment 
transport distance by coupled εNd and grain size analyses (Sec. 2.5.2). 
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2.5.2 Sediment Transport from Coupled εNd and Grain Size Analyses 
 To calculate distances of subglacial sediment transport, we determine proxy 
measures for both the mean transport distance of a glacigenic sample and the 
proportion of sediments in the sample that were transported subglacially. The proportion 
of subglacially transported sediment in the sample is estimated from the relative 
abundances of coarse silts in the silt and clay fraction (the comminution index). 
Because εNd provides a robust geographic fingerprint for the origin of sediments (Sec. 
2.2), the mean distance of transport, for all sediments in the sample, is estimated from 
the difference between the εNd of a glacigenic sample and the εNd of non-glacigenic 
sediments in the region where the glacigenic sample was collected. We quantify this 
difference as ΔεNd. Calculating ΔεNd in this manner corrects for the longitudinal 
variation in εNd across the Northern European Lowlands (i.e., Toucanne et al., 2015), 
allowing us to project our samples onto a common transport path (Figs. 2.1 and 2.4). 
The ΔεNd is translated into a transport distance via the relationship between the εNd 
and latitude of terrigenous sediments from rivers that drain into the Baltic and Bothnian 
Seas (R2=0.83, Fig. 2.2). From this relationship, we discern that each ε-unit in the ΔεNd 
corresponds to ~160 km of transport in the north-south sense.  For samples collected in 
Germany and Poland, the regional εNd signature is measured from the river sediments 
of major catchments (Table 2.1). No comparable river system exists in Denmark, 
however. Therefore, for the samples collected in Denmark, we estimate the regional 
εNd signature (-14.3) from the y-intercept of the linear regression of Danish sample εNd 
values and comminution indices (i.e., Fig. 2.4).  
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 To examine the relationship between the sediment transport distance and grain 
size, we plot the ΔεNd of each sample versus its comminution index (Fig. 2.4). A linear 
trend is fit to the data that we infer to define a mixing line between two EMs. The two 
EMs are the comminuted and non-comminuted fractions of the sediments, whose 
comminution indices are one and zero, respectively. The comminuted EM (CI=1) 
represents far-transported sediments whereas the non-comminuted EM (CI=0) 
represents sediments that were entrained near the terminal margin and therefore not 
comminuted to the terminal grade before deposition. By excluding the six samples 
described as hydraulically sorted in Sec. 2.5.1, we find a strong correlation (R2=0.78, p 
< 10-5) between the ΔεNd of our glacigenic sediments and their comminution indices 
(Fig. 2.4; n=17). The linear correspondence between ΔεNd and the comminution index 
is consistent with mixing between two well-defined EMs having similar Nd 
concentrations. The distal EM (CI=0) is composed of fine silts and clays with a ΔεNd 
value of -0.2 ± 0.7 (95% prediction interval). The far-transported EM (CI=1) is composed 
of coarse silts and has a ΔεNd value of 5.4 (asymmetric 95% prediction interval from 3.9 
to 6.5). The prediction intervals (95%) are calculated by bootstrapping with replacement 
(Fig. 2.4, n=1000). 
 By assuming that the Baltic Ice Stream flowed nearly along lines of longitude, a 
reasonable approximation to its flow path (e.g., Kleman et al., 1997; Boulton et al., 
2001; Patton et al., 2016; Fig. 2.1), the ΔεNd indicates the source region of our samples 
in a simple north-south sense (Fig. 2.2). From the ΔεNd of the comminuted EM (CI=1), 
we estimate that the comminuted fractions of our sediments were deposited 850 ± 250 
km (95% confidence) from their source region (Fig. 2.1). The uncertainty estimate for 
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this transport distance accounts for the analytical uncertainty of the εNd analyses for 
both the glacigenic and river sediments, the prediction uncertainty in ΔεNd for the 
comminuted EM (CI=1, Fig. 2.4), and the prediction uncertainties about the trendline 
between river εNd and latitude (Fig. 2.2). Because the ΔεNd of our samples are 
normalized to a common region of deposition at the ice sheet margin, we calculate the 
inferred source region of the comminuted sediments from a projected site of deposition 
at 53.7°N, 20°E (Fig. 2.1). 
 
2.5.3 Sediment Sources 
 The inferred transport distance of 850 ± 250 km suggests that the main source of 
sediment erosion was most likely located near the Åland sill between the Bothnian and 
Baltic Seas (Fig. 2.1). The extensive glacial scouring and till removal in this region 
indicates that till cover and weathered mantle overburden were eroded in a single or a 
few successive glacial cycles, providing a supply of sediments for subglacial transport 
(Kleman et al., 2008). Consistent with this interpretation, previous researchers have 
documented the transport of large clasts from the northern Baltic by the LGM Baltic Ice 
Stream (e.g., Overweel, 1977; Houmark-Nielsen, 1987; Smed, 1993). Furthermore, our 
determination of a main erosion source near the Åland sill is in agreement with 
numerical results of Patton et al. (2016) who show a potential zone of maximum erosion 
here. Although the mean εNd values of the glacigenic silts are dominated by non-
comminuted sediments that reflect a southern Baltic source (Toucanne et al., 2015), we 
demonstrate that the signature of subglacial erosion and transport can be extracted by 
coupling grain size and εNd analyses.  
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The Baltic Ice Stream advanced over the zone of maximum erosion at least twice 
before reaching its final LGM terminus position (Hughes et al., 2016), providing 
subglacially eroded sediments that could be entrained englacially (Hambrey et al., 1997; 
Alley et al., 1997) and transported to the ice margin. We consider that rapid ice flow into 
the Baltic basins is responsible for the long transport distances of the comminuted 
sediments (i.e., Clark, 1987), a scenario that is supported by empirical and numerical 
demonstrations of rapid Fennoscandian Ice Sheet growth in the lead up to the LGM 
(Hughes et al., 2016; Patton et al., 2016). 
In terms of its future application, the methodology introduced here could be used 
to infer the distances of sediment transport by other LGM ice streams, particularly those 
of the Laurentide Ice Sheet given the geometric similarities of its continental shield 
bedrock to the Baltic Ice Stream (i.e., Stokes and Clark, 2003; Stokes et al., 2016). We 
speculate that the most fruitful application of our method, however, would be to older 
glaciations, as geomorphological evidence of subglacial erosion is increasingly 
obscured, and boundary conditions for numerical models are increasingly uncertain 
prior to the Last Glacial Period. As evidenced by the distribution of tills and outwash 
sediments in Fig. 2.4, future studies should take care to collect glacigenic sediments 
with diverse concentrations of coarse silt to ensure that mixing lines, should they exist, 
can be fit robustly. Furthermore, we note that our method is unlikely to be appropriate 
for understanding glacial processes and sediment transport at scales of tens of 
kilometers or less. The robustness of the relationship between the ΔεNd of our 
glacigenic sediments and their comminution indices (Fig. 2.4) evinces a regional 
homogenization of εNd in the silt and clay fractions due to the long distances of 
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transport required for the comminution of heavy minerals to their terminal grade. To 
infer the transport distances of glacigenic sediments at shorter scales, researchers 
would be well-advised to track spatial trends in the concentration of distinctive rock 
fragments or metals (i.e., Hooke et al., 2013). The applicability of such dispersal train 
methods is limited at great lengths, however, by exponential decreases in the 
concentration of target rocks and metals with distance (i.e., Clark, 1987). An exponential 
relationship between ΔεNd and distance is not discerned in the present study, likely 
because our method measures the integrated entrainment of sediments along lines of 
ice flow instead of erosion from a point source.  
 
2.6 Conclusion 
 In this manuscript, we present a methodology for estimating the transport 
distance of fine subglacial sediments. We determine proxy measures for the mean 
transport distance of fine sediments in a sample as well as the proportion of the 
sediments that were transported subglacially. The proportion of subglacially transported 
sediment in a sample is estimated from the relative abundances of coarse silt in the silt 
and clay fraction. The conceptual basis for using grain size ratios to quantify transport is 
provided by empirical studies of subglacial comminution and the resulting grain size 
signatures. The mean distance of transport for the silts is estimated from the difference 
between the εNd value of the glacigenic sediment and the regional εNd signature that 
corresponds to the locale in which the former was collected (ΔεNd). A relationship 
between the εNd and latitude of circum-Baltic river sediments provides a calibrated 
framework for translating the ΔεNd into transport distances along lines of ice flow. 
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Endmember modeling analysis reveals the signature of comminution in the studied 
sediments, validating the methodology. 
We determine that the comminuted silt fractions of glacigenic sediments from the 
LGM terminal margin in Denmark, Germany, and Poland originated at least 850 ± 250 
km to the north. This result is consistent with a main erosion source near the Åland sill 
and rapid ice flow into the Baltic and Bothnian Sea basins in the lead up to the LGM.  
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(a) Modeled FIS flowlines, consistent with lineated flow sets (Kleman et al., 1997; 
Winsborrow et al., 2001), and a zone of high erosion potential (orange) beneath the 
Baltic Ice Stream (Patton et al., 2016). The main source of erosion for the sediments 
considered in this study (Sec. 2.5.3) is indicated by the yellow star (Fig. 2.4, projected 
here onto the 20°E line of longitude), with 95% uncertainty bounds (yellow highlight). (b) 
Archean and Proterozoic bedrock geology of Fennoscandia (Asch, 2005), with the 
sampling locations of the riverine (Table 2.1) and glacigenic (Table 2.2) sediments 
discussed in this manuscript. Note that the limits of the modeled FIS at 20.58 ka BP do 
not align exactly with the empirical LGM limits in the Northern European Lowlands 






The latitudinal distribution and εNd of circum-Baltic river sediments (Fig. 2.1; Table 2.1). 
The linear trendline indicates that the Nd isotopes of circum-Baltic sediments, a 
measure of continental crust formation age, are increasingly non-radiogenic (older) 
towards the north. This reflects the distribution of Proterozoic and Archean bedrock in 
Fennoscandia (Fig. 2.1; Gaal and Gorbatschev, 1987). For reference, the global 
average εNd of suspended river loads, approximating the εNd of the upper continental 
crust, is -10.4 (Goldstein & Jacobsen, 1988). The trendline and its 95% prediction 






The three EMs determined by endmember modeling analysis. The EMs represent 
independent processes controlling the grain size distributions of the glacigenic 
sediments. EM 1 illustrates the concentration of fine-grained sediments by glaciofluvial 
and lacustrine sorting, EM 2 is the comminution process of Dreimanis & Vagners (1971; 
1972), and EM 3 represents a poorly sorted, washed-out till distribution. Confidence 






ΔεNd (the difference between the εNd of the glacigenic sediment and εNd signature of 
the catchment in which the sample was collected) vs. the comminution index (the 
proportion of glacigenic modification) of the glacigenic samples. The fully comminuted 
endmember (CI=1) is represented by the yellow star (projected onto a common line of 
longitude bisecting the Baltic Sea in Fig. 2.1). This endmember reveals that the main 
geographical origin of the subglacially-transported sediments have an Nd isotope 
signature that is 5.4 ε-units less radiogenic (older, more northward in this case) than the 
locale they were recovered from. The trendline and its 95% prediction interval (dashed 
lines) were calculated by bootstrapping. Transport distance is inferred from ΔεNd per 
the relationship in Fig. 2.2. The locations of the tills (blue) and outwash sediments 






Information for the circum-Baltic river sediments considered in this project, compiled 
from Toucanne et al. (2015), Freslon et al. (2014), and Soulet et al. (2013). The 
locations of the sediments are displayed in Fig. 2.1. The estimated uncertainty of the 
measurements is ±0.3 ε-units (2σ) based on the external reproducibility of replicate 






Information for the glacigenic sediments considered in this project. Glaciolacustrine and 
select outwash sediments (indicated by an asterisk) were excluded from the 
provenance analysis (Sec. 2.5.2) based on evidence that the grain size distributions of 
these samples are corrupted by post-depositional sorting (Sec. 2.5.1). EM 1 
corresponds to the concentration of fine-grained sediments by glaciofluvial and 
lacustrine sorting. EM 2 is the comminution process. EM 3 represents till genesis (Sec. 
2.5.1). The εNd of sediments from Denmark are first reported in this study; those from 
Germany and Poland were reported by Toucanne et al. (2015). The estimated 
uncertainty of the measurements is ±0.3 ε-units (2σ) based on the external 
reproducibility of replicate analyses of the JNdi-1 standard solution (i.e., Sec. 2.3, this 
study; Toucanne et al., 2015). The internal precision of the Danish sediment εNd 
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3.1 Abstract 
 We present a new method for the spectral analysis of unevenly sampled time 
series. We apply the properties of inverse sums of matrices and pseudoinverses to a 
constrained least squares formulation of the spectral analysis problem and demonstrate 
that this approach yields accurate solutions in the form of Fourier coefficients. The 
Fourier coefficients relate time, power, and phase in a self-consistent manner, 
improving upon previous spectral analysis methods for unevenly sampled data. Our 
spectral solutions satisfy Parseval’s Theorem, and the inverse transformations of our 
spectra reconstruct the original, unevenly sampled time series. This is the first 




 The decomposition of a time series into sine and cosine basis functions, known 
as Fourier analysis, is an immensely valuable research tool for identifying and 
quantifying the periodic behavior of physical systems. Although Fourier analysis is a 
mature field of inquiry, there remains a ubiquitous and largely unaddressed problem 
relevant to many science and engineering disciplines: For non-uniformly sampled time 
series, existing Fourier analysis methodologies are unable to provide spectral solutions 
that satisfy fundamental conditions required of Fourier analysis. In this manuscript, we 
present a new method for the spectral analysis of time series with non-uniform sampling 
satisfying the Nyquist-Shannon Sampling Theorem. 
  We briefly review the principles of Fourier analysis, relevant theoretical 
considerations, and the progress made by prior researchers. We then introduce our 
method and apply it to synthetic time series, illustrating an improvement in harmonic 
amplitude detection. Following the synthetic time series demonstrations, we apply our 
method to the controversial record of hematite-stained quartz and feldspar grain (HSG) 
counts at DSDP Site 609 (Obrochta et al., 2012). Because our method enables a less-
biased calculation of both power and null spectra, we are able to demonstrate that pre-
interpolation of the HSG time series leads to incorrect estimates of statistical 
significance for its most pronounced harmonics. 
 
3.2.1 Fourier Analysis 
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 A discrete function y(t) of N (even number) elements with period To can be 
represented by the summation of orthogonal cosine and sine functions at integer 
multiples (n) of the fundamental frequency, fo = 1/To, such that  
𝑦 𝑡 = 𝑎%2 + 𝑎( ∙ cos 2𝜋𝑛𝑓%𝑡 + 𝑏( ∙ sin 2𝜋𝑛𝑓%𝑡
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 The Fourier coefficients (an, bn) correspond to the amplitudes of the constituent 
cosine and sine functions, respectively. In practice, the frequency domain 
representation of a time series is often computed by the Discrete Fourier Transform 
(DFT).    
 The DFT presumes the orthogonality of summation across the sine and cosine 
functions, which holds in the case of uniform sampling (Tolstov, 1962) but not for non-
uniform sampling in general. Despite this, there exists a unique solution to the Fourier 
analysis when the effective Nyquist frequency of a signal, one half of the inverse of the 
mean sampling interval, is less than its band-limit (Shannon, 1949). This principle, a 
result of the Nyquist-Shannon Sampling Theorem, holds true for both uniform and non-
uniformly sampled time series (Beutler, 1966; Marvasti, 2001). For an adequately 
sampled, bandlimited function, then, an accurate reconstruction of the original time 
series, synthesized via Eq. 1 or the Inverse Discrete Fourier Transform (IDFT), 
demonstrates that the estimate itself is the correct solution. This realization motivates 
the pursuit of a more general approach to Fourier analysis. 
 
3.2.2 Fourier Analysis for Non-Uniform Sampling 
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 While there have been numerous efforts to circumnavigate the uneven sampling 
problem (e.g., pre-interpolation, the Lomb-Scargle method, the CLEAN algorithm; 
Horowitz, 1974; Schulz and Stattegger, 1997; Hernandez, 1999; Lomb, 1976; Scargle, 
1982; Scargle, 1989; Press, 2007; Roberts et al., 1987), these techniques fail to satisfy 
fundamental assumptions and theorems of Fourier analysis.  
 Interpolation of data to equidistant spacing is the most common treatment for 
non-uniform sampling in spectral analysis. Interpolation is problematic, however, 
because it may suppress higher frequency components and produce biased statistics 
(Horowitz, 1974; Schulz and Stattegger, 1997; Hernandez, 1999). Given the biasing 
effects of interpolation and the availability of least squares methods, Scargle (1982) 
made the case that pre-interpolation was disqualifying on philosophical grounds. We 
consider this argument to be resonant considering the spectral solution can be 
guaranteed with adequate sampling (Marvasti, 2001). 
 The application of linear least squares methods (Vaníček, 1971) to spectral 
analysis precipitated significant advances in the study of unevenly sampled time series, 
of which the Lomb-Scargle method has become standard (Lomb, 1976; Scargle, 1982; 
Scargle, 1989; Press, 2007). The modified Lomb-Scargle periodogram is a direct 
estimate of the periodogram (modulus of the Fourier coefficients), resulting in the loss of 
phase information. Thus, despite its value in estimating the spectral density of unevenly 
sampled data, the Lomb-Scargle spectral estimate cannot be inverted to reconstruct the 
original time series and verify the correctness of the solution. Although Scargle (1989) 
and Hocke and Kämpfer (2009) tried to remedy the non-invertibility of the Lomb-Scargle 
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method by calculating heuristic phase estimates, their estimates do not allow the exact 
reconstruction of the original time series. 
 In a less widely used approach, Roberts et al. (1987) sought to find the spectrum 
of an unevenly sampled time series by iterative deconvolution of truncation- and 
sampling-induced distortion in the frequency domain. This “spectral cleaning” approach 
yields non-unique but approximate spectra that can be inverse transformed into 
reconstructions of the original time series (Roberts et al., 1987; Baisch and Bokelmann, 
1999; Heslop and Dekkers, 2002). A critical problem with the CLEAN algorithm is that 
the resulting spectra do not always obey Parseval’s Theorem, the fundamental tenet of 
spectral analysis positing that the variance of a time series must be equal to the power 
of its Fourier Transform (i.e., conservation of energy in the time and frequency 
domains). Parseval’s Theorem holds for both uniformly and non-uniformly sampled time 
series as long as the sampling set is stable (Marvasti and Chuande, 1990; Marvasti, 
2001). 
 
3.2.3 Fourier Analysis by Least Squares 
 In this manuscript, we seek a Fourier analysis method for non-uniformly sampled 
time series that overcomes the difficulties presented by earlier methods. We accomplish 
this by modifying the least squares spectral analysis approach. Fourier analysis is 
equivalent to solving the interpolation problem: 
 𝑥 = 𝐴<𝐴 =6𝐴<𝑑 2  
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where d is a vector of N observations in the time series, A is the N by N Fourier matrix 
whose columns are sines and cosines at integer multiples of the standard harmonic (2π 
divided by the length of the time series), and x is the vector of N Fourier coefficients 
from which spectral phase and amplitude are derived. 
For an evenly sampled periodic time series, the summation properties of sines 
and cosines ensure that ATA is a full rank matrix with orthogonal columns. Because an 
orthogonal matrix is always invertible, a spectral solution can be found for any evenly 
sampled time series via Eq. 2 or, equivalently, the DFT. In the case of non-uniform 
sampling, however, ATA may be ill-conditioned or even singular (the inverse of singular 
matrix ATA not existing in the strict sense). In the following section, we apply the well-
studied properties of inverse sums of matrices and pseudoinverses to solve for the 
spectral parameters of unevenly sampled time series. 
 
3.3. Methodology 
Parseval’s Theorem requires that the Fourier coefficients (x) satisfy: 
 2𝜎4 = 𝑥@43@56 3  
         
where σ2 is the variance of the time series. The factor of 2 in Eq. 3 reflects our 
consideration of only the positive half of the spectrum. Eqs. 2 and 3 can be combined as 
the constrained least squares problem: 
 𝐴<𝐴𝑥%< 𝑥%0 𝑥𝜆 =	 𝐴<𝑑2𝜎4 4  
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where the Fourier coefficients, x, are a solution to the spectral analysis problem when 
they are equal to the previous estimate, xo. The Lagrange multiplier, λ, enables the 
minimization of ||Ax-d|| subject to the equality constraint for Parseval’s Theorem 
(Bertsekas, 1996). We refer to the left-hand side matrix in Eq. 4, with concatenated ATA 
and equality constraint, as the constrained matrix.  
In the remainder of this section, we present a strategy for solving for the Fourier 
coefficients in Eq. 4. Even for time series in which ATA is ill-conditioned or singular, 
there exists an exact and unique solution to the spectral analysis problem if the 
sampling density of the signal satisfies the Nyquist-Shannon Sampling Theorem 
(Marvasti, 2001). 
We solve for the inverse of the constrained matrix by exploiting the properties of 
inverse sums of matrices (Henderson and Searle, 1981) and pseudoinverses. We begin 
by decomposing the constrained matrix into constituent matrices B and C such that B is 
invertible. Factoring B-1 gives: 
 
 𝐴<𝐴𝑥%< 𝑥%0 =6 = 𝐵 + 𝐶 =6 = 𝐵=6 𝐼 + 𝐶𝐵=6 =6	. 5
     
Henderson and Searle (1981) demonstrated that for an invertible (nonsingular) 
matrix B+C, its inverse can be written in terms of B and C, even if C is not invertible 
(singular). They present the matrix identity: 
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 𝐼 + 𝑃 =6 = 𝐼 − 𝐼 + 𝑃 =6𝑃 6  
         
where I is the identity matrix and (I+P) is a nonsingular matrix. Letting P = CB-1, it 
follows from Eq. 6 that: 
 𝐼 + 𝐶𝐵=6 =6 = 𝐼 − 𝐼 + 𝐶𝐵=6 =6𝐶𝐵=6	. 7  
      
 I+CB-1 is singular when the constrained matrix is. By substituting Eq. 7 into Eq. 5 
and applying the pseudoinverse, we arrive at the expression used to estimate the 
inverse of the constrained matrix for unevenly sampled time series: 
 𝐴<𝐴𝑥%< 𝑥%0 MNO=6 = 𝐵=6 − 𝐵=6 𝐼 + 𝐶𝐵=6 P	𝐶𝐵=6	. 8  
     
 We have chosen that B is nonsingular, so C must be singular if B+C is. When the 
pseudoinverse in Eq. 8 (denoted by the superscripted plus sign) operates on a singular 
matrix, the estimate of the inverse constrained matrix varies as a function of the choice 
of B and C.  We use this property to explore how different choices of B enable us to find 
a vector of Fourier coefficients that satisfies Parseval’s Theorem. 
 The estimate of the inverse of the constrained matrix can be used to solve for the 
Fourier coefficients via Eq. 4: 
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 𝑥𝜆 	= 	 𝐴<𝐴𝑥%< 𝑥%0 MNO=6 	 𝐴<𝑑2𝜎4 	 . 9  
         
 The formulation of Eqs. 4 and 9 requires an initial estimate of the Fourier 
coefficients to serve as the equality constraint xo. We calculate this initial estimate of the 
Fourier coefficients in the following manner: 
 𝑥%𝜆 	= 	 𝐴<𝐴𝑥%(MN< 𝑥%(MN0 MNO=6 	 𝐴<𝑑2𝜎4 10  
        
where xones is an N-length vector of ones. Eq. 10 is solely intended as a heuristic to 
initialize the iterative process in Eq. 4. 
Once the initial estimate has been obtained via Eq. 10, we begin an iterative 
process where the equality constraint in Eq. 4 is replaced by the average of the 
previous Fourier coefficient estimates (Fig. 3.1). For each iteration, matrix B is recast as 
a matrix of random numbers and is thus assured to be invertible. The solution of Fourier 
coefficients is found when Parseval’s Theorem is obeyed. This can be verified by 
reconstructing the original time series. Power, amplitude, and phase spectra can then 
be calculated straightforwardly from the Fourier coefficients. For optimal performance of 
the algorithm, multiply copies of the random matrix B by logarithmically spaced scalars 
(between 1 and 1015, for instance). If any of the resulting sets of Fourier coefficients 
satisfy Parseval’s Theorem, the solution has been found. Otherwise, use the set of 
 43 
coefficients that most closely satisfies this Parseval relation to calculate the new 
average of Fourier coefficients and continue the procedure.   
 
3.4. Synthetic Time Series and Results 
 We show that our method accurately captures the spectral information of a 
randomly sampled time series with three periodicities. We also demonstrate that our 
method handles time series reconstruction, spectral leakage, and aliasing as expected. 
 
3.4.1 Signal Amplitude Detection 
 We define the function y(t) = 3·sin(13·2πt) + 5·sin(27.5·2πt) + 10·sin(46·2πt) 
over a length of 10 seconds and sample the function at 1000 random intervals. When 
our method is applied to this unevenly sampled time series (Fig. 3.2a), the resulting 
spectrum contains line spectra with amplitudes of 2.55, 4.40, and 9.45 at the expected 
frequencies of 13 Hz, 27.5 Hz, and 46 Hz, respectively (Fig. 3.2b). Besides the small 
fraction of power distributed across the harmonics as sampling-induced distortion 
(Roberts et al., 1987), the amplitude spectrum produced by our method has the 
expected spectral character of the sampled function.  
 We compare the above result to the spectra derived from the interpolation of this 
time series. We linearly interpolate the unevenly sampled data (Fig. 3.2c) and calculate 
the DFT. The resulting amplitude spectrum shows that power is errantly distributed 
across the frequency domain (Fig. 3.2d). The amplitudes of the line spectra are greatly 
diminished, with amplitudes of 2.35, 2.04, and 2.65 at the expected frequencies. 
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 Because our method effectively computes a Fourier transform, the inverse 
transformation of our solution produces a time series that reconstructs the original time 
series (Fig. 3.2e). Previous work on the reconstruction of unevenly sampled time series 
using the Lomb-Scargle method has not been able to demonstrate such a result 
(Scargle, 1989; Hocke and Kämpfer, 2009). Furthermore, our method outperforms 
Lomb-Scargle in terms of accurately capturing the known spectral character of unevenly 
sampled time series. As an example, we present the amplitude spectra from Fig. 3.2b in 
comparison to the Lomb-Scargle estimate for the same time series (Fig. 3.3). 
 
3.4.2 Spectral Leakage 
 Sampling theory addresses the treatment of time series as finite partitions of 
infinite series. This partitioning, or truncation, in the time domain is equal to convolution 
in the frequency domain. The smearing of power into adjacent frequency bands due to 
convolution is termed spectral leakage. 
 Consider an evenly sampled sinusoid that has been truncated by a gate (boxcar) 
function at two different sets of endpoints (Fig. 3.4a). In the first case, the sinusoid is 
truncated one datum short of a full cycle. When repetitions of this partition are 
concatenated to recreate the infinite series, a single sinusoid can interpolate this infinite 
series. In the second case, consider that the sinusoid is truncated at ¾ of a cycle. If 
repetitions of this partition are concatenated, a discontinuity is introduced (the dotted 
red line in Fig. 3.4a). A single sinusoid cannot interpolate this time series. Conceptually, 
power in the leaked spectrum must be transferred to other frequency bands in order to 
capture the abrupt transition at the discontinuity. 
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 We compute the amplitude spectra for both cases of this evenly sampled time 
series using the DFT. In the first case, the DFT produces the line spectrum as expected 
(Fig. 3.4b). In the second case, where truncation has introduced a discontinuity, the 
DFT produces a spectrum where power has been smeared to adjacent bands (Fig. 
3.4c). 
 Next, we consider the same time series but resample them randomly and apply 
our method. In both cases, the randomly sampled sinusoids are of the same length as 
their evenly sampled counterparts. Our method produces spectra that have a similar 
form as the spectra from the evenly sampled series (Figs. 3.4b, c).  
 
3.4.3 Aliasing 
For evenly sampled time series, aliasing, or the misidentification of frequency 
components in a spectrum, occurs when an existing frequency component is greater 
than the Nyquist frequency. Our method handles aliasing as expected when applied to 
an evenly sampled series since it is equivalent to the Discrete Fourier Transform. The 
alias-free frequency band is larger for unevenly sampled time series than evenly 
sampled ones, however. This rectification of aliasing effects has been cited as an 
advantage of analyzing unevenly sampled data (Press, 2007). 
We demonstrate the inadequacy of classical spectral analysis when applied to 
unevenly sampled signals with components greater than the Nyquist frequency by 
applying the standard treatment of linear interpolation and the DFT to one such time 
series with a single frequency component. We randomly sample the function y(t) = 
3·sin(30·2πt) at 100 points such that the average time between the steps is 0.02 
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seconds. Then, this time series is linearly interpolated (Fig. 3.5a). For this interpolated 
time series, the Nyquist frequency is 25 Hz. Accordingly, we expect that the signal’s 30 
Hz harmonic to be aliased at 20 Hz in the spectrum. When the DFT is applied to this 
interpolated time series, however, the principal alias is indistinguishable from the noise 
floor (Fig. 3.5b). 
We apply our method to the original, unevenly sampled time series (Fig. 3.5c), 
analyzing for frequencies between 0 and 50 Hz. Our method correctly identifies a line 
spectrum at the expected frequency of 30 Hz with an amplitude of 3 (Fig. 3.5d). The 
inverse transform of our method’s spectral estimate reconstructs the original time series 
with accuracy. 
 
3.5 The Site 609 Hematite-Stained Grain Record 
 Bond et al. (1999) reported an approximately 1500-year cyclicity in the 
abundance of hematite-stained quartz and feldspar grains (HSG) from Central Atlantic 
DSDP core Site 609 during the Last Glacial Period. The HSG are interpreted to record 
intervals of Laurentide Ice Sheet melting and ice-rafting due to the presence of HSG-
bearing source rocks in the Gulf of St. Lawrence. The proposed 1500-year climate cycle 
sparked considerable debate as to the nature and timing of millennial-scale climate 
variability. In the intervening years, however, researchers began to demonstrate that the 
1500-year HSG cycle was either due to a spurious interpretation of “cycle” midpoint 
averaging or introduced via peculiarities in the core chronology (Obrochta et al., 2012). 
Here, we use the HSG record to demonstrate how the analyst’s methodological choices 
can result in divergent findings with regards to the significance of periodicities in a given 
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time series. Our point in doing so is to use a widely-appreciated but controversial record 
to highlight the pitfalls in conventional workarounds to the spectral analysis of unevenly 
sampled time series.  
 We compute the power spectra of the Site 609 HSG series (Fig. 3.6a) using both 
the method presented in this manuscript (Fig. 3.6b) and the conventional approach 
where linear interpolation precedes the DFT (Fig. 3.6c). We perform the spectral 
analyses on the entire HSG record (ca. 14-70 ka BP) with the revised timescale of 
Obrochta et al. (2012). We remove a linear trend from the time series to satisfy requisite 
assumptions of stationarity and apply a Hamming window to the observations to 
minimize spectral leakage. 
 AR(1) null spectra are calculated to test the statistical significance of peaks in 
both spectral estimates (Fig. 3.6). As expected, the spectrum of the interpolated time 
series is red-shifted. The first-lag autocorrelation parameters for the non-interpolated 
and linearly interpolated time series are 0.50 and 0.67, respectively. Consequently, the 
null spectra and confidence intervals are different for each spectrum. The significance 
levels of pronounced harmonics also differ substantially (Fig. 3.6). Clearly, the spectral 
method presented in this manuscript, with solution verification in the time domain, is 




 We present a framework for the spectral analysis of unevenly sampled time 
series, utilizing the properties of inverse sums of matrices and pseudoinverses to solve 
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a constrained least squares formulation of Fourier analysis. Our method finds spectral 
solutions that both satisfy Parseval’s Theorem and reconstruct the original time series. 
Because the Nyquist-Shannon Sampling Theorem holds true for unevenly sampled time 
series, the time series reconstruction is proof that the estimated spectral solution is 
correct. Our method does not require pre-interpolation of a time series to uniform 
sampling and we therefore avoid introducing the corresponding bias into the spectral 
estimate. By comparing the spectra produced by our method to that from the 
conventional linear interpolation and DFT treatment, we demonstrate that the 
conventional approach misestimates the statistical significance of pronounced peaks in 
a widely studied time series of climatic significance. 
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Comparison of the spectral analysis method presented in this manuscript with the DFT. 
(a) The unevenly sampled time series, (b) the amplitude spectra produced by our 
method, (c) the linear interpolation of the unevenly sampled time series, (d) the DFT of 
the interpolated time series, (e) a portion of the original time series (blue) and the time 
series reconstructed by the inverse transformation of our spectral amplitude and phase 








The amplitude spectra from Fig. 3.2b (blue), produced by application of the method 
presented in this manuscript to the unevenly sampled time series in Fig. 3.2a, is 







(a) The black sinusoid is truncated at the end of a full cycle such that spectral leakage is 
not expected in its spectrum. The dashed red sinusoid is truncated at three-quarters of 
a cycle, introducing a discontinuity (dotted red) and spectral leakage. (b) The black 
sinusoid was sampled evenly and unevenly. In the evenly sampled case, the DFT 
(green) produces an unbiased line spectrum. Our method (blue) produces a similar line 
spectrum for the unevenly sampled case. (c) The dashed red sinusoid was also 
sampled evenly and unevenly. For the evenly sampled time series, the DFT (green) 
produces a spectrum with the expected leakage. For the unevenly sampled series, our 







Comparison of the spectral analysis method presented in this manuscript with the DFT 
when applied to a time series with a single frequency component greater than the 
Nyquist frequency. (a) The linear interpolation of the unevenly sampled time series, (b) 
the DFT of the interpolated time series with a principal alias at 20 Hz, (c) the unevenly 







(a) The record of hematite-stained quartz and feldspar grains (HSG) from Central 
Atlantic DSDP core Site 609 during the Last Glacial Period (Obrochta et al., 2012). (b) 
The power spectra of the HSG time series produced by our method (blue) with 
corresponding AR(1) null spectra (black) and confidence levels shown at the 90% and 
95% levels (dashes). (c) The power spectra produced by the DFT (green) of the linearly 
interpolated HSG record with corresponding AR(1) null spectra (black) and confidence 






Abrupt ice sheet melting paced by solar activity at the end of the last glacial 
period 
 
Steven M. Boswell 
 
4.1 Abstract 
 Abrupt melting of Northern Hemisphere ice sheets characterizes the millennial-
scale variability of glacial climate during Marine Isotope Stages 2-4. While the 
mechanisms that trigger these ice sheet melting events are not well understood, the 
expansion and retreat of ice margins during the Holocene correlates with ~2500-year 
cycles in solar activity. It is presently unclear whether such a pacing of ice sheet melting 
by solar forcing occurred during the last glacial period. In this manuscript, we show that 
changes in solar activity are coherent with Laurentide and Fennoscandian Ice Sheet 
melting from 14-31 ka. Spectral analysis reveals statistically significant ~2400-year 
harmonics at the 99.8% and 99% levels in proxy records of solar activity and ice sheet 
melting, respectively. Because solar forcing is external to the Earth system, the 
relationship between solar activity changes and the cryosphere response is likely 
causal. Our findings therefore extend the known interval in which solar forcing drove 




 The abrupt melting of ice sheets in the Northern Hemisphere (NH) characterizes 
the climate of the last glacial period (LGP; Naafs et al., 2013). However, the multi-
millennial recurrence intervals of these episodes (e.g., Bond et al., 1992; Clark et al., 
2007), the most well-known of which are the Heinrich Events (HEs; Hemming, 2004), 
suggest an origin that cannot be explained by the orbital cycles that pace Earth’s 
glaciations (Hays et al., 1976; Imbrie et al., 1984; 1992). Despite recent progress in 
discerning a plausible trigger for HEs (e.g., Shaffer et al., 2004; Marcott et al., 2011; 
Alvarez-Solas et al., 2013; Bassis et al., 2017), the mechanisms of sudden ice sheet 
melting during glacial periods remain elusive, particularly at shorter timescales (e.g., 
Bond and Lotti, 1995; Barker et al., 2015; Toucanne et al., 2015). 
 Toucanne et al. (2015) recently demonstrated that the southern margin of the 
Fennoscandian Ice Sheet (FIS) in Europe discharged substantial volumes of meltwater 
and sediment to the North Atlantic during Heinrich Stadials (HSs) 1-3, evincing a 
circum-N. Atlantic teleconnection of abrupt ice melting. While these authors focused 
their attention on meltwater and sediment fluxes during HSs, their record of FIS 
discharges provides evidence of margin melting on shorter timescales. They discerned 
five intervals of FIS retreat and meltwater discharge at the end of the LGP during which 
sediments with non-radiogenic εNd signatures (143Nd/144Nd ratios) were transported to 
the Bay of Biscay (Meriadzek Terrace; 2174 m water depth; 47'27°N, 8'32°W).   
The midpoints of the non-radiogenic εNd intervals identified by Toucanne et al. 
(2015) occur every 2500 years on average, with the exception of a “missing” episode 
~27 to 28 ka BP. The FIS was in a restricted state ca. 27 to 28 ka BP (Hughes et al., 
2016), however, and any such melting would have been routed to the North Sea. 
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Similarly, Bond and Lotti (1995) identified 13 episodes of eastern LIS margin melting 
between 10 and 38 ka BP from counts of hematite-stained grains (HSG; 63-150 μm) at 
Site 609 in the central N. Atlantic. Because the presence of HSG during glacial periods 
corresponds to iceberg discharges from the Gulf of St. Lawrence (Obrochta et al., 2012; 
Obrochta et al., 2014), these ice-rafting events document a 2000-3000 year recurrence 
interval of LIS melting (Bond and Lotti, 1995). It is presently unclear whether these 
similar quasiperiodicities of ice sheet discharge variability are coincidental or responses 
to a regional or hemispheric climate forcing. While the circum-North Atlantic nature of 
these FIS and LIS melting events suggests a climate forcing, and not internal 
oscillations (e.g., MacAyeal, 1993), the southern FIS margin terminates in the 
continental interior. As such, it is not likely to have been melted by subsurface ocean 
warming (e.g., Shaffer et al., 2004; Alvarez-Solas et al., 2013; Bassis et al., 2017), and 
we are left to speculate on what other mechanisms could trigger such a hemispheric 
response. 
In this manuscript, we hypothesize that changes in solar activity exert a control 
on the timing of ice sheet melting in the NH. We document periodicities of ~2400 years 
in both solar activity and ice sheet melting proxies at the end of the last glacial period. 
The ~2400-year periods identified in the solar activity and ice sheet melting time series 
are consistent with ~2500-year cycles of solar activity (e.g. Nederbragt and Thurow, 
2005; Debret et al., 2007; Engels and van Geel, 2012) and worldwide glacier margin 
fluctuations (Denton and Karlén, 1973) during the Holocene. 
For evidence of changes in solar activity preceding human observation, one must 
rely on archives of cosmogenic nuclide production in ice cores (10Be) and the terrestrial 
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biosphere (14C) (e.g., Stuiver et al., 1991; Muscheler et al., 2005; Bronk Ramsey et al., 
2012). Changes in solar activity modulate the solar wind, which is turn controls the flux 
of cosmogenic rays to Earth’s atmosphere and thus the frequency of cosmogenic 
nuclide production. While many studies have reported evidence of a 2100-2500 year 
Hallstatt solar cycle during the Holocene (e.g., Engels and van Geel, 2012), evidence 
for such cycles during the LGP is lacking. Here, we turn to the records of atmospheric 
radiocarbon in Lake Suigetsu, Japan (Bronk Ramsey et al., 2012) and the flux of 10Be to 
the Greenland Summit (Muscheler et al., 2005) to examine changes in solar activity 
during the late LGP. 
Muscheler et al. (2005) calculated the flux of 10Be, a cosmogenic nuclide, to the 
Greenland Summit ice by normalizing the concentration of 10Be in the GISP2 ice core 
(Finkel and Nishiizumi, 1997) by the GRIP ice core accumulation rate (Dahl-Jensen et 
al., 1993). This 10Be flux does not covary with other climate proxies and is therefore 
assumed to be independent of terrestrial climate (Muscheler et al., 2005). The veracity 
of the 10Be flux proxy is validated by the agreement of its >3000-year band, 
corresponding to the long-period variations in geomagnetic field strength, with magnetic 
field intensity data from N. Atlantic sediment cores (Laj et al., 2000; Muscheler et al., 
2005). The 10Be flux to the Greenland Summit is, in part, a global signal of changing 
solar activity since at least half of atmospheric 10Be production takes place in the 
stratosphere and this stratospheric 10Be is well-mixed (Raisbeck et al., 1981). 
Likewise, the Lake Suigetsu, Japan record of Δ14C (the difference in atmospheric 
14C/12C relative to the present) from terrestrial plant macrofossils provides another 
independent realization of variable solar activity during the LGP (Bronk Ramsey et al., 
 59 
2012). Because the timescale of radiocarbon scavenging is longer than atmospheric 
circulation, the Suigetsu record also provides a global 14C production signal. While 
records of atmospheric radiocarbon integrate modulation by the biosphere and ocean in 
addition to solar and geomagnetic activity, changes in solar activity can be isolated from 
the production record via spectral analysis (e.g., Muscheler et al., 2005). 
 While the full climatological impact of long-period solar cycles is unclear, 
observations and modeling provide a preliminary understanding of potential 
mechanisms (e.g., Gray et al., 2010; Engels and van Geel, 2012). For instance, the total 
change in solar irradiance is small in observed solar cycles even though variability in the 
ultraviolet (UV) band is high (Gray et al., 2010). An increased UV flux encourages 
production of stratospheric ozone, thus warming the stratosphere (Haigh, 1996). 
Stratospheric warming affects Earth’s surface climate (Matthes et al., 2006; Gray et al., 
2010; Lockwood et al., 2010) and modulates extratropical variability (e.g., Gray et al., 
2010; Ineson et al., 2011). Galactic cosmic rays induce the nucleation of atmospheric 
particles, providing a mechanism for seeding clouds and driving climate change through 
changes in albedo (e.g., Svensmark et al., 2017). If the effects of solar cycles on Earth’s 
climate and the NH ice sheets are significant, spectral analysis of solar activity and ice 
sheet melting time series would reveal significant peaks at the same periodicities 
(~2500 years). 
 
4.3 Proxy Records and Spectral Analysis 
 We perform spectral analysis on independent proxy records of ice sheet melting 
and solar activity to investigate whether a long-period solar cycle of ~2500 years could 
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play a role in triggering abrupt climate change. Four records are considered (Fig. 4.1a): 
Bay of Biscay sediment ɛNd from core MD95-2002 (14.2 to 31.2 ka BP, N=86; 
Toucanne et al., 2015), HSG counts at Site 609 in the N. Atlantic (14.1 to 31.1 ka BP, 
N=66; Obrochta et al., 2012), Lake Suigetsu Δ14C (14.2 to 31.2 ka BP, N=292; Bronk 
Ramsey et al., 2012), and 10Be flux at the Greenland Summit (14.1 to 31.2 ka BP, 
N=112; Muscheler et al., 2005). The chronostratigraphic frameworks of cores MD95-
2002 and Site 609 are based on radiocarbon ages during the intervals of interest 
(Toucanne et al., 2015; Obrochta et al., 2012), while age control for the Greenland 10Be 
flux and Suigetsu Δ14C archives is provided by ice layer and varve counting, 
respectively (Meese et al., 1994; Bronk Ramsey et al., 2012). Each time series is 
detrended with a third-degree polynomial and tapered with a Hamming window to 
reduce spectral leakage. 
 We calculate power spectral densities (PSDs) for the four considered time series 
(Fig. 4.1b) using the Discrete Fourier Transform (DFT). To satisfy requisite assumptions 
of uniform sampling, the time series are linearly interpolated prior to analysis. From the 
corresponding estimates of spectral phase and amplitude, we resample the DFT-
derived basis functions that interpolate each time series to reconstruct the data sets 
with a uniform number of samples (N=292) over a common interval (14.41 to 31.11 ka 
BP). By doing so, we ensure that each of the reconstructed time series can be analyzed 
at the same harmonics. 
 Because the MD95-2002 ɛNd and Site 609 HSG series are independent 
realizations of NH ice sheet melting, we average their spectra to reduce the uncertainty 
about our estimates of harmonic significance (Fig. 4.1c). Likewise, we average the 
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spectra of the 10Be flux and Suigetsu Δ14C records as they are independent realizations 
of changes in solar activity (Fig. 4.1d). We then construct AR(1) null spectra and 
corresponding confidence intervals for both the averaged ice sheet and solar activity 
spectra (m=3 smoothing) to test for statistically significant periodicities at 2394 years 
(the harmonic nearest 2500 years). We avoid concerns of test multiplicity (e.g., Walker, 
1914) due to our investigation of a single harmonic chosen a priori, based on reports of 
a presumed Hallstatt solar cycle (e.g., Debret et al., 2007; Engels and van Geel, 2012) 
and the midpoints of FIS and LIS melting events (Bond and Lotti, 1995; Toucanne et al., 
2015). 
 The four time series under consideration in this study were originally sampled at 
non-uniform intervals, and linear interpolation preceding the DFT is the conventional 
recourse for uneven sampling of time series. To minimize the bias introduced by linear 
interpolation (Horowitz, 1974; Schulz and Statteger, 1997), we repeat the 
aforedescribed analyses using the method of Boswell and Boghosian (Ch. 3; Fig. 4.2), 
an extension of classical spectral analysis for non-uniformly sampled data. 
 
4.4. Results 
 There is heightened spectral power at 2400 years in both the individual time 
series as well as the combined solar activity and ice sheet melting spectra (Fig. 4.1). 
The 2400-year harmonic (1971 to 3047 years with m=3 smoothing) is significant at the 
99.98% level in the combined ice sheet spectra (Fig. 4.1c) and at the 97% level in the 
combined solar activity spectra (Fig. 4.1d).  
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When the spectral analysis is performed on the data without linear interpolation 
(i.e., Boswell and Boghosian, Ch. 3), the 2400-year harmonic is significant at the 99.8% 
and 99% levels in the ice sheet and solar activity spectra, respectively (Fig. 4.2c-d, m=3 
smoothing). When the combined ice sheet and solar activity spectra are not smoothed, 
the 2400-year harmonic (2234 to 2578 years) is significant at the 96.5% and 91% levels 
in the respective spectra. 
 
4.5 Solar Pacing of Ice Sheet Melting 
 Because the average sampling rates of the time series are dense relative to the 
2400-year harmonic of interest, the results obtained by the DFT and Boswell and 
Boghosian (Ch. 3) method are in close agreement. Nevertheless, the results obtained 
from the latter method are an improvement in the sense that the PSDs are not biased 
by linear interpolation (e.g., Horowitz, 1974; Schulz and Statteger, 1997). The similarity 
of the four PSDs, with broad peaks about the 2400-year harmonic, suggests a limited 
bias imparted from the chronological uncertainties endemic to the studied time series.  
 Our results (Fig. 4.2b) suggest that the 2000-3000 year periodicity in ice-rafting 
from the Gulf of St. Lawrence (Bond and Lotti, 1995) and the ~2500 year periodicity in 
the discharge of meltwater and sediment from the Fennoscandian Ice Sheet (Toucanne 
et al., 2015) are indeed connected. As the southern margin of the FIS is land-
terminating, such an LIS-FIS connection would require an atmospheric pacing 
mechanism. The similarity of the NH ice sheet melting and solar activity spectra 
implicates solar forcing.  
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 Changes in solar activity are external to Earth’s climate, so while the significance 
of the 2400-year harmonics (Figs. 4.1, 4.2) does not demonstrate a causal link between 
solar activity and ice sheet melting, the correspondence between these variables points 
to a cause-and-effect relationship. Because the total insolation change induced by solar 
cycles was likely small (e.g., Gray et al., 2010; Engels and van Geel, 2012), the 
atmospheric mechanism responsible for linking the sun to the cryosphere remains 
elusive. We speculate, however, that variability in either the UV irradiance band or the 
incoming flux of galactic rays, a function of solar wind shielding, drives changes in 
tropospheric climate patterns that help trigger NH ice sheet melting events, including 
HEs.  
An increased flux of UV rays would encourage stratospheric ozone production 
and warming (Haigh, 1996). In turn, such changes in the stratosphere would affect the 
troposphere and Earth’s surface (e.g., Matthes et al., 2006; Gray et al., 2010; Lockwood 
et al., 2010), possibly modulating extratropical variability (e.g., Gray et al., 2010). Ineson 
et al. (2011), for instance, present a model where the climatological impact of low solar 
activity is similar to the negative phase of the North Atlantic Oscillation. Given that a 
regional seesaw in North Atlantic and Nordic Sea temperatures (e.g., Wary et al., 2017) 
could explain the lagged melting of FIS and LIS margins (Toucanne et al., 2015; 
Boswell et al., Ch. 5) it is worth considering in future studies whether changes in solar 
irradiance could reproduce such an extratropical signal. 
Alternatively, a link between solar activity and millennial-scale ice sheet melting 
may be provided by changes in the flux of cosmic rays to Earth’s lower atmosphere. 
The cosmic ray hypothesis is appealing in the sense that the effect of cloud nucleation 
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is increased at higher latitudes (Svensmark and Friis-Christensen, 1997). During glacial 
periods, such as the interval ca. 14-31 ka BP, increased cloudiness in the high latitudes 
of the NH would have two contrasting effects. First, the mean albedo over the ocean 
would increase, resulting in net cooling. Second, increased cloudiness over the NH ice 
sheets would lead to surface warming (Perovich et al., 1999; Perovich, 2018). 
Combined, these contrasting effects offer a plausible resolution to the paradox of 
increased ice sheet melting during periods of cooling in the N. Atlantic (Barker et al., 
2015), with due consideration of the evidence that requires an atmospheric mechanism 
for melting the FIS (Toucanne et al., 2015; Boswell et al., Ch. 5). 
 Our identification of a 2400-year solar pacemaker during the end of the last 
glacial period extends the record of suspected ice-solar climate relations. Denton and 
Karlén (1973) identified a 2500-year cycle of glacier margin advance and retreat in both 
the northern and southern hemispheres and correlated these margin fluctuations to 
short-period changes in Δ14C. As such, these authors speculated that the 2500-year 
pacing of ice margin growth was solar in origin. Between the findings of Denton and 
Karlén (1973) and our present work, we document the solar pacing of cryosphere 
melting over the past 31 kyr. Because the retreat of glacier margins in the Southern 
Hemisphere are well-correlated to the onset of FIS melting in the European interior 
(Doughty et al., 2015; G. Denton, pers. comm.), solar forcing of climate is a global 
phenomenon.  
 Although evidence of ~2500 year solar cycles and their climatic signature exists 
for the past 31 kyr, it is plausible that the amplitudes of solar cycles wax and wane if not 
drift in period or disappear entirely. Accordingly, we do not contend that the ~2500-year 
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period is of universal relevance to the onset of abrupt ice sheet melting events 
throughout the entire Pleistocene. Other processes, including subsurface ocean 
warming (e.g., Bassis et al., 2017), are likely necessary to explain the myriad of abrupt 
ice melting events since the Mid-Pleistocene. Rather, we demonstrate a previously 
unrecognized correspondence between solar activity, a seemingly minor driver of 
climate change, and dramatic, nonlinear phenomena in the cryosphere. Solar forcing of 
abrupt ice sheet melting explains multi-millennial climate phenomena that elude 








(a) Time series analyzed in this study, from top to bottom: sediment ɛNd from core 
MD95-2002 in the Bay of Biscay (Toucanne et al., 2015), HSG counts at Site 609 in the 
N. Atlantic (Obrochta et al., 2012), Lake Suigetsu Δ14C (Bronk Ramsey et al., 2012), 
and 10Be Flux at the Greenland Summit (Muscheler et al., 2005), (b) Power Spectral 
Densities (PSDs) of the time series in (a), calculated by the DFT after linear 
interpolation, (c) PSD for the combined MD95-2002 ɛNd and Site 609 HSG records with 
99.98% confidence level (dashed line) about the AR(1) null spectrum, (d) PSD for the 
combined Lake Suigetsu Δ14C and Greenland 10Be Flux records with 97% significance 
level (dashed line) about the AR(1) null spectrum. The 2400-year periods are denoted 






(a) Time series analyzed in this study, from top to bottom: sediment ɛNd from core 
MD95-2002 in the Bay of Biscay (Toucanne et al., 2015), HSG counts at Site 609 in the 
N. Atlantic (Obrochta et al., 2012), Lake Suigetsu Δ14C (Bronk Ramsey et al., 2012), 
and 10Be Flux at the Greenland Summit (Muscheler et al., 2005), (b) Power Spectral 
Densities (PSDs) of the time series in (a), calculated by the method of Boswell and 
Boghosian (Ch. 3), (c) PSD for the combined MD95-2002 ɛNd and Site 609 HSG 
records with 99.8% confidence level (dashed line) about the AR(1) null spectrum, (d) 
PSD for the combined Lake Suigetsu Δ14C and Greenland 10Be Flux records with 99% 
significance level (dashed line) about the AR(1) null spectrum. The 2400-year periods 





Enhanced surface melting of the Fennoscandian Ice Sheet during periods of 
North Atlantic cooling leads to Heinrich Events 
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5.1 Abstract 
Heinrich Events (HEs) are dramatic episodes of ice melting and rafting during 
periods of exceptionally cold North Atlantic climate. However, the causal chain of events 
that leads to their occurrence is unresolved. Here, we demonstrate that enhanced 
summertime melting of the Fennoscandian Ice Sheet (FIS) is a recurring feature of 
Heinrich Stadials (HSs), the cold periods during which HEs occur. We use neodymium 
isotopes to show that the Channel River transported detrital sediments from the eastern 
interior of Europe to the Bay of Biscay ca. 158 to 154 ka. Based on similar evidence 
from the last glacial period, we infer that this interval corresponds to the melting and 
retreat of the southeastern Fennoscandian Ice Sheet (FIS) margin despite 
contemporaneous cooling in the North Atlantic and central Europe. The FIS melting 
episode occurred just prior to a HE, consistent with findings from the more recent HSs 
1, 2, and 3. In this way, we elucidate the sequence of events that leads to HEs. 
Precursor melting of North Atlantic-adjacent ice sheets induces an initial AMOC 
slowdown. Atmospheric changes during the resulting HS cause the summertime 
warming in northern Europe that drives enhanced FIS surface melting. Subsequent 
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meltwater injection to the North Atlantic causes further weakening of the AMOC and the 
warming of intermediate water masses that triggers HEs. 
 
5.2 Introduction 
 The widespread melting of N. Atlantic-adjacent ice sheets during periods of 
exceptionally cold polar climate is an unexpected feature of recent glacial periods (e.g., 
Barker et al., 2015; Toucanne et al., 2015). Heinrich Events (HEs), in which armadas of 
icebergs discharge from marine-terminating ice margins into the N. Atlantic, punctuate 
the termination of cold Heinrich Stadials (HSs). HSs are likely caused by surface ocean 
cooling in response to freshwater-induced disruptions of the Atlantic meridional 
overturning circulation (AMOC) (e.g., Clark et al., 2007; Ivanovic et al., 2018; Ng et al., 
2018). HEs are then triggered by the melting of marine-terminating grounded ice by the 
poleward transport of subsurface heat (700-1100 m depth, Alvarez-Solas et al., 2013) 
from low latitudes in response to further weakening of the AMOC (Shaffer et al., 2004; 
Marcott et al., 2011; Alvarez-Solas et al., 2013). However, the continental sources of 
freshwater that induce this AMOC destabilization during HSs remain debated. 
 During the last glacial period, HEs were preceded by the melting of terrestrial-
terminating Fennoscandian Ice Sheet (FIS) margins. These FIS melting episodes, 
focused in the continental interior of Europe, lasted from the onset of HSs until the 
resulting HE as revealed by detailed study of HS1 (~18-15 ka), HS2 (~26-23 ka), and 
HS3 (~31-29 ka) (Toucanne et al., 2015). Here, we document sedimentary and 
geochemical evidence of terrestrial-terminating FIS margin melting during a period of 
extensive N. Atlantic cooling ca. 158-152 ka. Our results demonstrate that FIS melting 
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during HSs precedes and contributes to the AMOC shutdown that leads to HEs during 
both the last and penultimate glacial periods. Enhanced surface melting of the FIS prior 
to HEs is consistent with summertime warming in Europe during stadials (Schenk et al., 
2018; Bromley et al., 2018).  
 Terminal moraines show that the British-Irish Ice Sheet (BIIS) and FIS coalesced 
in the North Sea ca. 160 ka during the Drenthe Stage of Marine Isotope Stage (MIS) 6 
(Toucanne et al., 2009). When the BIIS and FIS coalesced, rivers of Britain, France and 
the North European Plain (NEP; Fig. 5.1) integrated as tributaries of the Channel River, 
the sea level lowstand precursor of the modern English Channel (Fig. 5.1; Busschers et 
al., 2008; Gibbard, 1988). The Channel River catchment extended across much of 
northern Europe and drained large quantities of meltwater and sediments to the Bay of 
Biscay (e.g., Zaragosi et al., 2001; Toucanne et al., 2009, 2015). Sediments in the 
Channel River fan therefore record the timing and nature of ice sheet melting. 
 
5.3 Methods 
 FIS melting in the continental interior of Europe during MIS 6 is supported by the 
Nd isotopic composition of detrital sediments from Bay of Biscay core MD03-2692. This 
core is located in front of the former Channel River and therefore records sedimentary 
discharge with high fidelity (Fig. 5.1; 46°49.72′ N, 9°30.97′ W, 4064 m; Eynaud et al., 
2007). The Nd isotopic compositions of detrital sediments from the Channel River 
fingerprint their geographic origin within Europe (Toucanne et al., 2015). Following 
Toucanne et al. (2015), we determine that anomalously non-radiogenic Nd isotope 
signatures in the core sediments correspond to periods of southern FIS margin melting 
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and retreat. To reconcile the Nd isotope signatures of the MD03-2692 sediments with 
their continental sources, we acquired glacigenic sediments from Saalian (MIS 6-10) 
glacial deposits in Denmark and Poland (Fig. 5.1). 
 Nd isotope ratios were measured for the fine-fractions (<63 μm) of both the 
MD03-2692 core sediments (n=55; Table 5.1) and glacigenic sediments from the NEP 
(n=17; Table 5.2). We focus on the <63 μm fraction because the meltwaters from ice 
margins predominantly transport the clay and silt fractions of continental detritus (Brown 
and Kennett, 1998). All samples were prepared per Bayon et al. (2002) prior to isolation 
of the Nd by ion-exchange chromatography. Nd isotope measurements were performed 
on a Thermo Scientific Neptune MC-ICP-MS at the Pôle Spectrométrie Océan, France, 
using a sample-standard bracketing method. Procedural Nd blanks were negligible 
compared to the amount of Nd in the studied samples. We estimate the 2σ uncertainty 
of our measurements to be ±0.3 ε-units based on replicate analyses of the JNdi-1 
standard solution (143Nd/144Nd = 0.512115 ± 0.000009, 2σ, n=31). We report 
143Nd/144Nd ratios in εNd notation, [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR − 1] × 104, 
using the (143Nd/144Nd)CHUR value of 0.512638 (Jacobsen and Wasserburg, 1980). 
 The MIS 6 chronology for MD03-2692 (Table 5.3) is constructed by tuning the 
abundances of the polar planktic foraminifera N. pachyderma (s.s., sinistral) in the core 
to those from the ODP 983 record (Barker et al., 2015) that has been recently 
synchronized to the synthetic Greenland ‘Speleo-Age’ (i.e., uranium-thorium based) 
chronology of Barker et al. (2011). The dominance of N. pachyderma in the sediments 
corresponds to periods of intense cooling and we presume that the onset of these cold 
periods, interpreted to represent the southward migration of the polar front, is 
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concurrent across the N. Atlantic (Barker et al., 2015). From this initial chronology, we 
observe that the high-resolution Ca/Fe ratios of MD03-2692 sediments (Toucanne et al., 
2009), reflecting climatically-driven biogenic carbonate fluxes, are closely aligned with 
the synthetic Greenland temperatures (GLT_syn) of Barker et al. (2011). This coupling 
of Ca/Fe ratios and GLT_syn allows us to fine-tune the final age model (Table 5.3; Fig. 
5.3). 
 
5.4 Linking Baltic Sediment to Southern FIS Margin Retreat  
 Throughout most of MIS 6, the εNd values of the core sediments vary between -
10.8 and -12.0 (Fig. 5.2F). These values are consistent with downstream Channel River 
sources (e.g., Ireland, Great Britain, and France), including the BIIS (Toucanne et al., 
2015). However, sediments from the NEP are more non-radiogenic. The mean εNd 
signatures of the Danish and Polish glacigenic samples are -12.4 ± 0.3 (n=6, 2σ) and -
14.4 ± 0.7 (n=11, 2σ), respectively, corresponding to the southwestern and 
southeastern sectors of the FIS. The εNd of the core sediments from 158 to 154 ka 
reach values of -14.0 (Fig. 5.2F). These values indicate an increased proportion of 
sediment flux from the southern Baltic during an interval when the mass accumulation 
rate (MAR) of terrigenous sediments at the core site more than doubled starting ca. 160 
ka (Fig. 5.2G). As inferred from the heightened MAR and radiogenic Nd signatures of 
detrital sediments at the core site (Fig. 5.2F, G), enhanced melting of the BIIS began ca. 
160 ka. The more non-radiogenic εNd signatures ca. 156 ka reveal that the near-
entirety of the heightened sediment contribution from the Channel River was sourced 
from the eastern NEP (-14.4) by this time. This southern Baltic provenance of the 
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sediments demonstrates that the southern margin of the FIS was melting and retreating, 
thus mobilizing large quantities of sediment through the Channel River (Fig. 5.2F, G). 
The δ18O of benthic foraminifera record an ~12 m sea level equivalent (SLE) reduction 
in the size of global ice sheets ca. 159 to 156 ka (Fig. 5.2A; Waelbroeck et al., 2002). 
This decrease in ice volume is synchronous with the substantial retreat of the southern 
FIS margin from the Drenthe maximum to a spatial extent even more restricted than the 
subsequent Warthe limits (Fig. 5.1; Toucanne et al., 2009). Considering the size of the 
FIS ca. 160 ka (~60 m SLE, Lambeck et al., 2006), a large volume of the FIS was 
expelled as meltwater through the Channel River (Fig. 5.2F). With the corresponding 
increase in Channel River flow, greater volumes of anchor ice (from wintertime freezing 
of the river bed) were transported to the Bay of Biscay after thawing in the spring 
(Toucanne et al., 2009). In total, the Channel River deposited 2.5 m of seasonally 
laminated IRD (i.e., ‘Channel River IRD’) and massive muds in the Bay of Biscay during 
the melting episode (Fig. 5.2E, G), an accumulation greater in magnitude than at 
Termination I (ca. 18-17 ka, Zaragosi et al., 2001). 
 To substantiate our claim that the ca. 156 ka event reflects FIS margin melting, 
we draw on evidence from the last glacial period. Terrestrial-based paleogeographical 
reconstructions of the FIS (Hughes et al., 2016) reveal that the southern FIS margins 
retreated in phase with Channel River discharge events identified during HS1, HS2, and 
HS3 (Fig. 5.4; Toucanne et al., 2015). Accordingly, we infer that the terrestrial-
terminating FIS margin was melting and retreating from ~158 to 154 ka based on the 
similarity of sedimentary and geochemical evidence (Fig. 5.2A, F, G). 
 74 
  
5.5 Ice Sheet Melting and AMOC Slowdown During Stadials 
 FIS melting in the continental interior ca. 158-154 ka occurs during a period of 
cooling that extends from ~158-152 ka in the N. Atlantic and central Europe. The 
cooling interval is inferred from the relative abundances of N. pachyderma in sediments 
from cores ODP 983 and MD03-2692 (Barker et al., 2015; Eynaud et al., 2007) and the 
δ18O of cave flowstones (Fig. 5.2B, C; Koltai et al., 2017). The onset of southeastern 
FIS melting is coeval with the export of cold FIS meltwaters to the Portuguese margin 
(Fig. 5.2C; Margari et al., 2014), deduced from increased proportions of tetra-
unsaturated alkenones (C37:4%) in the surface waters above the MD01-2444 core site 
(Martrat et al., 2007), the chronology of which is also tuned to the synthetic Greenland 
temperatures of Barker et al. (2011). 
 FIS melting, and the corresponding flux of freshwater to the open ocean, 
precedes an increase in IRD deposition across the central and eastern N. Atlantic ~155-
154 ka (Fig. 5.2E). As such, the N. Atlantic stadial bracketing the FIS melting interval is 
analogous to HS1, HS2, and HS3 in that melting of the terrestrial-terminating ice sheet 
(TIS) margins in Europe preceded calving of marine-terminating ice sheet (MIS) 
margins in the N. Atlantic region (Fig. 5.2). While the strength of the AMOC was 
reduced during the entire HS (i.e., decreased δ13C of benthic foraminifera in core ODP 
983, Raymo et al., 2004; Barker et al., 2015), the precipitous decline in AMOC strength 
~155-154 ka is contemporaneous with the widespread deposition of IRD (Fig. 5.2D). 
 
5.6 Enhanced Surface Melting of the FIS During N. Atlantic Stadials 
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 The coalescence of the FIS and BIIS in the North Sea (Fig. 5.1) precludes an 
ocean warming trigger for terrestrial-terminating FIS margin retreat between 158 and 
154 ka. Reductions in snow accumulation at the FIS surface could explain FIS margin 
retreat but not enhanced meltwater runoff. Therefore, FIS melting in the Baltic lowlands 
must result from an increase in summertime heating. Reductions in subpolar N. Atlantic 
temperatures during spring and autumn, as indicated by N. pachyderma abundances 
(Fig. 5.2B; Jonkers and Kučera, 2015; Barker et al., 2015), do not preclude heightened 
seasonality contrasts (i.e., increased summer temperatures) in the N. Atlantic and 
Europe. Indeed, high-resolution climate simulations and proxy evidence, including the 
melting of the Scottish ice cap, support the occurrence of warm European summers 
during the Younger Dryas stadial (Schenk et al., 2018; Bromley et al., 2018). 
 The atmospheric blocking of cold westerly winds that caused warm European 
summers during the Younger Dryas in response to ocean cooling (Schenk et al., 2018) 
is likely a recurring feature of N. Atlantic stadials. Initial ocean cooling at the onset of 
stadials could be caused by AMOC slowing in response to precursor melting of N. 
Atlantic-adjacent ice sheets (Clark et al., 2007; Ivanovic et al., 2018; Ng et al., 2018). 
Precursor injection of meltwaters to the N. Atlantic ca. 160 ka, including from European 
ice sheets (Fig. 5.2G), is consistent with an initial disruption of the AMOC (Fig. 5.2D) 
and the onset of cooling in the N. Atlantic and mainland Europe (Fig. 5.2B, C). Gradual 
cooling to full stadial conditions lasted from 160-158 ka (Fig. 5.2B, C). While 
atmospheric blocking during this interval caused summertime melting of the 
westernmost European ice (i.e., the BIIS) (Fig. 5.2F, G), FIS melting in the continental 
interior increased ca. 158-154 ka when central European and N. Atlantic surface 
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temperatures were coldest (Fig. 5.2C, F). Atmospheric blocking during HS summers 
explains the apparent contradiction of ice sheet surface melting in northern Europe 
while the subpolar N. Atlantic and central Europe cool in unison (Fig. 5.2B, C; Barker et 
al., 2015; Koltai et al., 2017). During HSs, the flux of FIS meltwaters to the N. Atlantic 
results in a cold, low-salinity ocean surface that aids the growth of sea ice and likely 
contributes to the ocean cooling-N. European warming feedback (e.g., Schenk et al., 
2018). Increased density stratification in the water column causes the AMOC to slow 
down further (~155 ka) (e.g., Clark et al., 2007; Ng et al., 2018; Fig. 5.2D). Shutdown of 
the AMOC induces the subsurface ocean warming (Shaffer et al., 2004) that melts the 
marine-terminating grounded ice of the LIS and other N. Atlantic-adjacent ice sheets 
(Fig. 5.2D, E; Alvarez-Solas et al., 2013). Lags between summertime warming in 
Europe and the onset of HEs are consistent with FIS melting prior to the arrival of IRD 
during HSs of the last glacial period (Zaragosi et al., 2001; Toucanne et al., 2015) and 
the stadial from 158 to 152 ka (Fig. 5.2E, F). 
 Lastly, we consider the possibility that summertime warming during stadials 
extends beyond Europe. We note, for instance, that warming in Antarctica is concurrent 
with HSs (e.g., EPICA Community Members, 2006; Clark et al., 2007) and thus FIS 
melting. Nonetheless, conceptualizing N. Atlantic stadials as intervals of increased 
seasonality and regional summer warming during periods of mean cooling (e.g., Denton 
et al., 2005; Schenk et al., 2018) resolves the apparent contradiction between cold N. 
Atlantic climates and contemporaneous melting of land-terminating ice sheet margins in 
Europe. Consistent with the temporal relationships between the onset of FIS melting, 
AMOC destabilization, and HEs during the past two glacial periods, warm European 
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summers are a regular feature of HSs and cause the enhanced FIS surface melting that 
leads to HEs. 
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An overview of the core sites, locales, and ice sheets discussed in this manuscript. The 
terminal limits of the Fennoscandian Ice Sheet (FIS) during the Drenthe Stage (‘D’, MIS 
6; Ehlers et al., 2011) are outlined in bold. For comparison, FIS limits during the Warthe 
Stage (‘W’, MIS 6) and Last Glacial Maximum (‘LGM’; Hughes et al., 2016) are shown 
as long and short dashed lines, respectively. The Channel River (blue) transports 
freshwater and terrigenous sediment from the North European Plain (NEP) to the N. 
Atlantic. Glacigenic sediments (Table 5.2) were sampled from sites (red dots) in 
Denmark and Poland. Blue lines in the N. Atlantic correspond to transport pathways for 






Paleoenvironmental proxies record melting of the terrestrial-terminating ice sheet (TIS) 
margin of the Fennoscandian Ice Sheet (FIS) prior to the calving of a marine-terminating 
ice sheet (MIS) margin during a Heinrich Stadial (HS). (A) Synthetic Greenland 
temperatures with orbital components (GLT_syn; Barker et al., 2011) and relative sea 
level estimates (RSL; Waelbroeck et al., 2002) are displayed as purple and gray curves, 
respectively. (B) Relative abundances of the polar planktic foraminifera N. pachyderma 
in cores MD03-2692 (purple, Eynaud et al., 2007) and ODP 983 (blue, Barker et al., 
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2015). (C) δ18O of Abaliget Cave flowstones in central Europe (pink and dark gray, 
Koltai et al., 2017) and alkenone SST from Portuguese margin core MD01-2444 (light 
gray, Martrat et al., 2007). (D) δ13C of benthic foraminifera in core ODP 983 (Raymo et 
al., 2004; Barker et al., 2015). (E) Normalized counts of ice-rafted detritus (IRD) from 
cores ODP 983 (black, Barker et al., 2015) and MD03-2692 (orange, Eynaud et al., 
2007). Springtime melting of anchor ice from the Channel River bed (e.g., Toucanne et 
al., 2009) supplies local ‘Channel River IRD’ to the MD03-2692 core site, but not to the 
central Atlantic, from ~158 to 156 ka. (F) Neodymium isotopic composition of sediments 
in core MD03-2692 (red, expressed in ε-units) (Table 5.1). εNd values less than -12.4 
(more non-radiogenic) reflect a southern FIS provenance, while sediments with εNd 
values greater than -12.4 are inferred to have a western European origin (Table 5.2; 
e.g., Toucanne et al., 2015). “P” (14.4±0.7) and “D” (12.4±0.3) εNd values (2σ) 
correspond to the signatures of Saalian glacigenic sediment from Poland and Denmark 
(Table 5.2), respectively. The light and dark blue lines correspond to the concentrations 
of freshwater Pediastrum and pre-Quaternary dinocyst algae (Eynaud et al., 2007; 
Penaud et al., 2009), respectively. (G) Mass accumulation rate (MAR) for sediments in 
core MD03-2692 (Table 5.4). Note that a 2 kyr moving average was applied to the 
linearly interpolated terrigenous flux data. Tie points for the MD03-2692 core chronology 
are designated by triangles (see the GSA Data Repository for details). All records 
(except the Abaliget Cave record and RSL estimates) are on the ‘Speleo-Age’ timescale 






Chronology for MD03-2692. (A) Synthetic Greenland temperatures with orbital 
components (GLT_syn; Barker et al., 2011) and XRF Ca/Fe for MD03-2692. (B) Relative 
abundances of the polar planktic foraminifera N. pachyderma (s.) in cores MD03-2692 
and ODP-983. (C) Benthic ẟ18O from MD03-2692 and ODP-983. Data from MD03-
2692 (magenta) and ODP-983 (blue) from Eynaud et al. (2007) and Barker et al. (2015), 
respectively. Triangles show the tie-points used to construct the chronology for MD03-






Paleogeography of western 
Europe, including the Channel 
River hydrographic network and 
the glacial limits of the 
Fennoscandian (FIS) and British-
Irish Ice Sheets (BIIS) (Hughes et 
al., 2016), at the time of Heinrich 
Stadial (HS) 3 (~31-29 ka), HS2 
(~26-23.5 ka), and HS1 (~18-16 
ka). The Channel River runoff (R) 
events identified during these 
intervals (chronologies provided in 
each subplot) correspond to 
elevated inputs of terrigenous 
sediment from the North 
European Plain (NEP) at site 
MD95-2002, as inferred from εNd 
fingerprinting (Toucanne et al., 
2015). Increased sediment fluxes 
from the NEP during R Events are 
the result of substantial 
recessions of southern FIS 
margins and the simultaneous 
release of meltwater to the North 
Atlantic (Toucanne et al., 2015). 
This interpretation, based on 
marine evidence, is independently 
validated by paleogeographic 
reconstructions of European ice 
sheet (EIS) margins at millennial-
scale resolution (Hughes et al., 
2016). The retreat and advance of 
EIS margins between time slices 
(e.g., Hughes et al., 2016) is 
shown by yellow and blue 
highlighting, respectively. 
Retreating FIS margins that 
contribute meltwater to the 
Channel River are outlined in red. 
Dashed lines document the 
coastline at the (global) Last 
Glacial Maximum, ca. 26-19 ka. 
All data, including the GEBCO_2014 grid (Weatherall et al., 2015), are shown using a 




Nd isotope analyses for MIS 6 sediments 
from core MD03-2692 (Fig. 5.1). Replicate 
analyses of the JNdi-1 standard solution 
(n=31) yield an estimated measurement 







Geographical information and Nd isotope analyses for the glacigenic sediments (Fig. 
5.1) used to validate the longitudinal variation of εNd in the North European Plain and 
provide a reference for fingerprinting the provenance of sediments in core MD03-2692 
(e.g., Toucanne et al., 2015). Replicate analyses of the JNdi-1 standard solution (n=31) 
yield an estimated measurement uncertainty of ±0.3 ε-units (2σ). The mean εNd 
signatures for the Polish and Danish sediments are 14.4 ± 0.7 (n=11) and 12.4 ± 0.3 
(n=6), respectively. Sediment stratigraphy is inferred from Houmark-Nielsen (1987) and 






Age control points for the MIS 6 chronology of core MD03-2692 were inferred from 
tuning relative abundances of polar planktic foraminifera N. pachyderma (s) to those 
from the absolutely-dated ODP 983 core (Barker et al., 2011; Toucanne et al., 2009). 
The chronology was fine-tuned by aligning XRF Ca/Fe ratios of MD03-2692 sediments 
(Toucanne et al., 2009) with synthetic Greenland temperatures (GLT_syn; Barker et al., 





Terrigenous sediment fluxes, 
quantified as mass accumulation 
rates (MAR), to the MD03-2692 
coring site during MIS 6 
(Toucanne et al., 2009; Fig. 5.2). 
A 2-kyr moving average was 
applied to the linearly 
interpolated (0.1 kyr) MAR data 
to smooth sharp peaks in the raw 
data introduced as artifacts of the 




An astronomical control on abrupt ice sheet melting  
since the Mid-Pleistocene Transition 
 
Steven M. Boswell 
 
6.1 Abstract 
 We revisit a bygone hypothesis for orbital pacing of abrupt ice sheet melting 
events (AIMEs), namely Heinrich Events, in the Northern Hemisphere. Using recent 
chronologies of Laurentide and European Ice Sheet melting, we identify a strong 
correlation between boreal insolation at aphelion and the lag between aphelion and ice 
sheet melting. In total, 34 of 42 AIMEs identified since the Mid-Pleistocene are 
explained by either the relationship between aphelion and insolation or occur at times of 
maximum summer solstice insolation (e.g., perihelion), both of which are controlled by 
the precession of Earth’s equinoxes. The 8 non-orbital events occur when global ice 
volumes are elevated (>4.1‰ in δ18O), suggesting a separate triggering mechanism. 
Statistical tests validate the observed similarity of the distributions of global ice volumes 
and occurrences of orbitally-triggered ice melting, supporting a common astronomical 
driver of each. Our orbital model of abrupt ice sheet melting helps explain: (1) the timing 
of individual melting events, (2) the onset of such events after the Mid-Pleistocene 





The periodic movements of planetary bodies in our solar system give rise to the 
cycles of glaciation that dominate Earth’s climate variability during the Pleistocene 
(Hays et al., 1976; Imbrie et al., 1984; 1992). Changes in Earth’s precession and 
obliquity control the amount of insolation at the top of the atmosphere and, with 
exceptions made for variations in elevation, albedo, cloud cover, etc. (Huybers, 2006), 
the energy available at Earth’s surface for ice melting. As the Earth’s mean temperature 
decreased through the Pleistocene (Raymo 1994; Raymo 1997), the average duration 
of glacial cycles increased from 40 to ~100 kyr as ice sheets were able to grow over 
multiple periods of the obliquity cycle (Huybers, 2006). The precession of Earth’s 
equinoxes began to exert a greater influence on glacial climate, describing a larger 
proportion of the variance of summer energy at Earth’s surface (Huybers, 2006). 
As inferred from the deposition of ice-rafted detritus (IRD) in the North Atlantic 
(Hodell et al., 2008; Channell et al., 2012), the abrupt melting of Northern Hemisphere 
(NH) ice sheets became a recurring feature of the climate system shortly after the Mid-
Pleistocene Transition (MPT) to 100-kyr glacial cycles (Naafs et al., 2013). The most 
well-studied instances of these abrupt ice melting events (AIMEs) are the Heinrich 
Events (HEs), corresponding to the massive iceberg discharges from the Hudson Strait 
sector of the Laurentide Ice Sheet (LIS) (e.g., Hemming, 2004). Unexpectedly, these ice 
melting events occur during intervals of extensive North Atlantic cooling (Bond et al., 
1993; Barker et al., 2015; Toucanne et al., 2015). 
 89 
The search for a triggering mechanism of the AIMEs has largely concentrated on 
subsurface ocean warming (Shaffer et al., 2004; Alvarez-Solas et al., 2010; Alvarez-
Solas et al., 2013; Bassis et al., 2017), reflecting a focus on the Atlantic Ocean-
terminating margin of the LIS (Hemming, 2004; Hodell et al., 2008; Channell et al., 
2012). Recent work on the provenance of sediments in the Bay of Biscay, however, 
reveals that the land-terminating margin of the Fennoscandian Ice Sheet (FIS) was also 
melting during periods of extensive regional cooling (Toucanne et al., 2015; Boswell et 
al., Ch. 5). Because the land-terminating margins of the FIS could not be melted by 
subsurface ocean warming, the search for mechanisms that could explain the 
occurrence of AIMEs continues (Boswell et al., Ch. 5). 
Early hypotheses regarding the onset of HEs included both the periodic, unforced 
purging of the LIS (MacAyeal, 1993) and orbital forcing at half-precessional cycles 
(Heinrich, 1998). A key weakness of the binge-purge hypothesis (MacAyeal, 1993) is 
that it has difficulty explaining the co-occurrence of melting events across the NH (e.g., 
Grousset et al., 1993; Grousset et al., 2001; Toucanne et al., 2015; Boswell et al., Ch. 
5) and the pacing of HEs by shorter climate cycles (Bond et al., 1993). Heinrich (1988) 
argued that HEs should occur during times of maximum summer and maximum winter 
insolation. Because insolation at 65°N is mostly driven by precession, maxima in 
summer and winter insolation typically occur at perihelion and aphelion, respectively. 
However, theories of astronomical HE pacing were largely abandoned once it became 
clear that the average duration between the HEs of the Last Glacial Period was ~7 kyr 
and not a physically meaningful fraction of orbital cycle lengths (e.g., Bond et al., 1992; 
Clark et al., 2007). 
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In this manuscript, we reconsider the causality between orbital cycles and 
AIMEs. Specifically, we both identify occurrences of AIMEs at maximum summer 
insolation as predicted by Heinrich (1988) and explore a previously undocumented 
relationship between aphelion, summer boreal insolation, and the onset of AIMEs. We 
hypothesize that when the boreal summer solstice occurs at aphelion (BSSA), the point 
in Earth’s orbit at the farthest distance from the sun, diminished magnitudes of summer 
boreal insolation enable the expansion of Northern Hemisphere ice sheets. As the 
Earth’s 23-kyr precessional cycle shortly leads to increases in the summer boreal 
insolation after aphelion, the rate of ice sheet surface melting increases (e.g., Huybers 
and Tziperman, 2008). The resulting transport of freshwater to the N. Atlantic causes an 
initial reduction in the strength of the Atlantic meridional overturning circulation (AMOC). 
This AMOC destabilization leads to the onset of stadial climate conditions during which 
AIMEs occur (e.g., McManus et al., 2004; Clark et al., 2007; Ivanovic et al., 2018; Ng et 
al., 2018). The lag between BSSA and AIMEs is proportional to the summer boreal 
insolation during BSSA. With the understanding that there is more than one possible 
mechanism for instigating the climatic changes that lead to ice sheet margin melting, the 
orbital theory of AIMEs presented here is consistent with the timing of individual AIMEs, 
the pan-Atlantic occurrence of AIMEs, and the onset of AIMEs after the MPT (e.g., 
Channell et al., 2012). 
 
6.3 Methods 
We compile age estimates of AIMEs, including those with a European Ice Sheet 
origin, from geographically distributed N. Atlantic cores U1302/03, U1308, MD95-2002, 
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and MD03-2692 (Table 6.1; Channell et al., 2012; Hodell et al., 2008; Toucanne et al., 
2015; Boswell et al., Ch. 5). European AIMEs are inferred from matching the 
neodymium isotope provenance signature of sediments in the Bay of Biscay to the 
southern FIS margin (Toucanne et al., 2015; Boswell et al., Ch. 5). To identify the 
occurrence of HEs (i.e., AIMEs) in the central N. Atlantic and Labrador Sea, Hodell et al. 
(2008) and Channell et al. (2012) use Ca/Sr ratios and wt.% >106 μm as detrital 
carbonate and IRD proxies, respectively. Many of the HEs can be correlated to 
fluctuations in the absolutely-dated Chinese speleothem δ18O record (Table 6.1; 
Channell et al., 2012). For AIMEs observed in multiple records, we calculate a mean 
age (Table 6.1). 
 We record all instances of BSSA during the past 350 kyr and the boreal 
insolation (65°N) at these times (Table 6.2). We associate each BSSA to a neighboring 
AIME, calculating lags between these occurrences. The BSSA-AIME lag time is then 
correlated to the summer boreal insolation during BSSA. We extend this trendline 
through the past 800 kyr to identify earlier AIMEs that could be explained by the BSSA 
mechanism. After identifying all presumed BSSA-associated AIMEs, we identify the 
remaining AIMEs that occurred at maxima in insolation at 65°N (i.e., perihelion). We 
term the collective sets of BSSA- and insolation-associated AIMEs the ‘orbital’ AIMEs. 
We then apply the Kolmogorov-Smirnov (K-S) test to the probability mass functions 
(PMFs) of the benthic δ18O global ice volume proxy (Lisiecki and Raymo, 2005), the set 
of orbital AIMEs, and the set of non-orbital AIMEs. The K-S test is a measure of the 
similarity between two PMFs, allowing us to test hypotheses of whether orbital and non-




 We relate the occurrence of 34 out of 42 AIMEs with precessional controls (Table 
6.3). For 21 of the AIMEs, we identify a strong negative correlation (r2=0.76, n=21, 
p<0.00001) between summer boreal insolation during BSSA and the lag time until ice 
melting (Fig. 6.1). The other 13 orbital AIMEs occur when insolation is at maxima (Table 
6.3). The 8 non-orbital events occur when global ice volumes were large (>4.1‰ in 
δ18O; Fig. 6.2). 
 The PMFs of global ice volumes (Lisiecki and Raymo, 2005) and orbital AIMEs 
are similar (Fig. 6.2). The K-S test cannot reject the null hypothesis that these two PMFs 
come from the same population (p=0.19). In contrast, the K-S test rejects the hypothesis 
that ice volumes and non-orbital AIMEs are representative of the same population 
(p=0.004, Fig. 6.2). 
 
6.5 An Orbital Control on Ice Sheet Melting 
The high degree of correlation between insolation and the lagged occurrence of 
AIMEs after BSSA, as well as the onset of AIMEs during maxima of precession-
dominated insolation, are evidence for an orbital control on the occurrence of 34 out of 
42 known AIMEs. Astronomical cycles are responsible for the pacing of glacial cycles 
(Hays et al., 1976; Imbrie et al., 1984; 1992), and the similarity of the PMFs for global 
ice volume and this subset of 34 AIMEs provides statistical support that both are driven 
by the same underlying process (Fig. 6.2). 
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Half of the known AIMEs (Channell et al., 2012) occur after BSSA with a lag 
predicted by the summer boreal insolation. At the greatest magnitudes of BSSA 
insolation (>490 W/m2), ice margins melt at or just prior to the BSSA (Fig. 6.1). At low 
magnitudes of insolation (< 450 W/m2), melting takes up to 20 kyr. On average, these 
AIMEs occur 7.7 kyr after BSSA.  
The relationship between BSSA insolation and the lag between BSSA and the 
corresponding AIME is explained by the rate of ice sheet melting and injection of fresh 
waters to North Atlantic. The insolation at BSSA is a proxy for the rate of ice sheet 
volume change (e.g., Huybers and Tziperman, 2008) and thus the rate of meltwater 
production. At BSSA, ice melting is at or near minima. With time, the rate of ice melting 
increases. This melting of the N. Atlantic-adjacent ice sheets during summer provides a 
source of fresh waters to the ocean surface. With the post-BSSA acceleration of 
meltwater injection, the AMOC is destabilized and the North Atlantic cools (e.g., Clark et 
al., 2007; Ivanovic et al., 2018). The cold ocean surface causes changes in atmospheric 
conditions over the N. Atlantic, notably shifts in regions of high and low pressure 
(Schenk et al., 2018). These atmospheric changes ‘block’ cold westerly winds from 
across the N. Atlantic, leading to enhanced summertime warming in northern Europe 
and the occurrence of European AIMEs (e.g., Boswell et al., Ch. 5). With increased FIS 
freshwater injection to the N. Atlantic, the AMOC slows down further. Consequent 
poleward transport of subsurface ocean heat leads to the melting of marine-grounded 
LIS ice and the subsequent HE (e.g., Alvarez-Solas et al., 2013). This causal chain of 
events, the timing of which is correlated with insolation at BSSA, is evidenced by the lag 
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between the onset of HS conditions in the North Atlantic, enhanced surface melting of 
the FIS, and the subsequent occurrence of HEs (Boswell et al., Ch. 5). 
Because BSSA is reached every ~23 kyr, further explanation is required to 
account for the fact that AIMEs often occur ~6 to 10 kyr after one another (e.g., 
Channell et al., 2012). In part, this quandary is resolved through the observation that 
many of the AIMEs not associated with BSSA occur during maxima in the boreal 
insolation as predicted by Heinrich (1988). In this way, pairs of AIMEs are explained by 
their separate relations to BSSA and insolation maxima. For example, during Marine 
Isotope Stage (MIS) 4, BSSA occurs ca. 71.4 ka BP when the summer boreal insolation 
is 449.3 W/m2. H6 occurs at 62.4 ka BP as predicted by the BSSA-insolation 
relationship (Fig. 6.1). At 55.6 ka BP, H5a occurs during an interval of peak insolation in 
the NH (Table 6.3). At insolation maxima, we presume that the melting of circum-N. 
Atlantic ice sheets and corresponding transport of meltwaters to the N. Atlantic is 
sufficient to induce the causal chain of nonlinear feedbacks (i.e., the initial reduction in 
AMOC strength, surface ocean cooling, and AIMEs) described above. 
Over the past 800 kyr, only 8 out of 42 AIMEs do not observably correspond to 
either the maximum insolation or aphelion-lag mechanisms (Table 6.3). These 8 AIMEs, 
however, occur at times of elevated or near-maximum global ice volumes (Fig. 6.2). 
Based on their restricted occurrence at peak glacial conditions, we speculate that these 
anomalous AIMEs are triggered by non-orbital forcing. With the exception of the sole 
event ca. 478 ka when the global ice volume proxy measured less than 4.5 δ18O, the 
non-orbital AIMEs recur in sets with intervals between 3 and 10 kyr (Table 6.3). While 
the origin of this recurrence interval and triggering mechanism for non-orbital AIMEs 
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remains elusive, we speculate that the ice margins of voluminous ice sheets are 
vulnerable to quasi-periodic changes in climate paced by variations in solar activity 
(e.g., Boswell, Ch. 4). 
 Hodell et al. (2008) argue that the occurrence of the first HEs after the MPT 
reflects both the increased propensity of voluminous ice sheet melting and the survival 
of larger icebergs in the 100-kyr glacial climate. Many of the recorded AIMEs, however, 
occur during interglacials (e.g., MIS 5, 7, and 9) and at the beginning of glacial periods 
when global ice sheet volumes were at values commonly reached during the pre-MPT, 
40-kyr glacial world (Fig. 6.2). As such, volumetric changes in the ice sheets themselves 
cannot fully explain the onset of these events. Rather, we argue that the changes in the 
energy threshold for summer ice melting facilitates their orbital control. Half of the 
AIMEs since the MPT, including the earliest known HE ca. 743 ka, are associated with 
BSSA. From Kepler’s second law, it is understood that the precession of Earth’s 
equinoxes should not influence the total summer energy except when there is a high 
energy threshold for melting (𝛕; Huybers, 2006). Yet, the high degree of correlation 
between the precession of the equinoxes and the occurrence of AIMEs is evidence that 
the precession cycle accounts for a large proportion of the variance in the total summer 
energy available for melting NH ice sheets. This precessional control necessitates a 
high energy threshold (𝛕 ≥ 340 W/m2) for the ablation of NH ice sheets after the Mid-
Pleistocene Transition (e.g., Huybers, 2006). Beyond an increased precessional control 
on Earth’s summer energy variance, increased 𝛕 indicates that variations in summer 
energy are more pronounced. Greater variations in summer energy, acting on more-
voluminous ice sheets, suggests greater potential for ice sheet melting.  
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 In summary, long-term Pleistocene cooling led to an increase in the summer 
energy threshold (𝛕) that enabled: (1) the transition from 40-kyr to 100-kyr glacial cycles, 
(2) the onset of orbitally-driven ice margin melting events, and (3) the growth of ice 







Lags between boreal summer solstice at aphelion (BSSA) and associated abrupt ice 
sheet melting events (AIMEs) are correlated to the insolation at 65°N during BSSA 








(a) Global ice volumes (blue) since the Mid-Pleistocene Transition (MPT) as inferred 
from the δ18O of benthic foraminifera (Lisiecki and Raymo, 2005) with superimposed 
occurrences of abrupt ice sheet melting events (AIMEs) (Table 6.3; Channell et al., 
2012). Orbital AIMEs (black) are either those predicted by the relationship in Fig. 6.1 or 
that occur at maxima in insolation at 65°N during the summer solstice (Table 6.3). The 
non-orbital AIMEs are colored red. (b) Probability mass functions (PMFs) of global ice 
volumes (blue), orbital AIMEs (black), and non-orbital AIMEs (red) from (a) as a function 









Estimates of AIME ages during the past 350 kyr are compiled from IODP Site U1302/03 
(Orphan Knoll, Labrador Sea, 50°10′N, 45°38′W, 3555 m) (Channell et al., 2012), IODP 
Site U1308 (Central North Atlantic, 49°52.7′N, 24°14.3′W, 3871 m) (Hodell et al., 2008; 
Channell et al., 2012), MD95-2002 (Meriadzec Terrace,  47°27′N, 8°32′W, 2174 m) 
(Toucanne et al., 2015), MD03-2692 (Trevelyan Escarpment,  46°49.72′N, 9°30.97′W, 
4064 m) (Boswell et al., Ch. 5), and the Chinese speleothem record (Cheng et al., 2009; 
Dykoski et al., 2005; Wang et al., 2001, 2008). Age estimates from the Chinese 
speleothem record were picked by Channell et al. (2012) except for those prefaced by 
“~”. The “~” symbol also indicates AIME ages that were estimated from U1302/03 and 
U1308 for the purpose of this study. Hodell et al. (2008) provided an age for H10.1, but 
we have chosen not to include this estimate because of the ill-constrained chronology 








All instances of boreal summer solstice at aphelion (BSSA) during the past 350 kyr are 
paired to AIMEs dated within an adjacent precession cycle (Table 6.1). Insolation at 







Ages and triggering mechanisms are inferred for all AIMEs recorded since the MPT 
(e.g., Channel et al., 2012; Table 6.1). ‘BSSA’ corresponds to those AIMEs which fit the 
relationship described in Fig. 6.1. For BSSA-related AIMEs, the date of aphelion and 
insolation are provided. ‘Insolation Max.’ corresponds to those AIMEs which occur at or 
nearly at insolation maxima. AIMEs with triggers marked as ‘?’ are presumed to be 






7.1 The Origins of Abrupt Ice Sheet Melting 
 From the εNd signatures of detrital sediments deposited by the Channel River, I 
inferred that the southern margin of the Fennoscandian Ice Sheet (FIS) melted and 
retreated ca. 158 to 154 ka during a period of extensive regional cooling in the North 
Atlantic. The melting and retreat of this southern FIS margin began at the onset of 
cooling and occurred prior to a Heinrich Event (HE) ca. 154 ka. In this way, the 158-154 
ka melting episode is consistent with patterns of regional cooling, FIS melting, and HE 
occurrence during HS1, HS2, and HS3 (e.g., Toucanne et al., 2015). Warming of 
intermediate ocean waters, the prevailing model for HE inception (e.g., Alvarez-Solas et 
al., 2013), cannot explain, however, the melting of terrestrial-terminating FIS margins. 
Accordingly, I conclude that the triggering mechanism for FIS margin melting during 
HSs must be atmospheric heating. It is presently well-accepted that stadials, including 
HSs, are characterized by seasonality changes of pronounced wintertime cooling and 
modest summertime cooling (e.g., Denton et al., 2005; Broecker, 2006). In contrast, I 
contend that summertime temperatures in Europe are higher during HSs. Such a 
hypothesis is consistent with recent proxy and modeling evidence that suggests warmer 
European summers during the Younger Dryas stadial (e.g., Bromley et al., 2014; 
Schenk et al., 2018; Bromley et al., 2018). 
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 Based on evidence from the last two glacial periods, I suggest that the 
phenomenon of summertime melting of the FIS during HSs, with corresponding injection 
of freshwater to the N. Atlantic, weakening of the AMOC, and warming of the 
intermediate water masses that induce HEs, is a recurring feature of the Pleistocene 
climate system. This persistence exists despite significant variability in European Ice 
Sheet geometry between glacial periods. For instance, while the European Ice Sheets 
contained ~24 m SLE of water at the Last Glacial Maximum (Hughes et al., 2016), the 
continent had sequestered ~60 m SLE at the Drenthe Maximum during MIS 6 (Lambeck 
et al., 2006). 
 The observed pattern of abrupt climate change described in this dissertation 
likely began during the Mid-Pleistocene Transition (MPT), as inferred from the onset of 
Heinrich or Heinrich-like Events (e.g., Hodell et al., 2008; Channell et al., 2012). While 
the origin of HEs has been linked to changes in the global ice sheet volumes during the 
MPT (e.g., Hodell et al., 2008), I note that abrupt ice sheet melting events (AIMEs), 
encompassing both HEs and intra-HS episodes of FIS melting, are recorded at global 
ice volumes commonly reached prior to the MPT.  Based on the similarity of the 
probability mass functions of global ice volume and the HE occurrence, and the fact that 
we can rule out heightened ice volume, I argue that AIMEs are predominantly controlled 
by orbital forcing. 
 I also identified other, non-orbital, AIMEs. Although the proxy record of changes 
in solar activity is limited, available evidence suggests that changes in solar activity may 
induce these non-orbital AIMEs. First, I demonstrated that proxies of solar activity are 
coherent with both FIS and LIS melting at the Hallstatt solar cycle period (~2400 years) 
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during MIS 2 and late MIS 3 (~14-31 ka). Together with evidence for a ~2500 year solar 
pacing of glacier margin fluctuations worldwide during the Holocene (Denton and 
Karlén, 1973), we demonstrate a plausible solar mechanism for abrupt climate change. 
The presumably solar AIMEs occur at times of heightened ice volume, indicating that 
solar forcing only provokes such dramatic responses (i.e., intra-HS FIS melting and 
HEs) from voluminous ice sheets with ‘vulnerable’ ice margins. Whether induced by 
solar or astronomical forcing, summertime warming during stadials (e.g., Schenk et al., 
2018; Boswell et al., Ch. 5) is key to understanding how AIMEs, including enhanced 
surface melting of the Fennoscandian Ice Sheet, can recur during periods of mean 
annual cooling in the N. Atlantic. 
 
7.2 Revisiting the Termination Paradigm 
In Sec. 7.1, I synthesized the findings of this dissertation to contend that solar 
and orbital forcing are integral to the phenomena of abrupt ice sheet melting in the NH. 
Here, I reconsider the role of millennial-scale freshwater fluxes to the N. Atlantic, the 
product of abrupt ice sheet melting events, in causing glacial terminations. Specifically, I 
contrast the paleoclimate reconstructions of ‘paradoxical’ FIS melting during the Last 
Glacial Maximum (LGM) and the local European (Drenthe) glacial maximum ca. 155 ka. 
If FIS melting and HE 1 preceded AMOC shutdown and the most recent termination 
(McManus et al., 2004; Toucanne et al., 2015), why didn’t MIS 6 terminate ~155 ka? 
 Before addressing the question at hand, it is worth emphasizing some 
observations from Boswell et al. (Ch. 5). The chronologies of cores MD03-2692, ODP 
983, and MD01-2444 (Fig. 5.2) are all tuned to the synthetic Greenland temperature 
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record of Barker et al. (2011). As such, we can confidently assume that all three cores 
are well-aligned. The synthetic temperatures, however, are persistently lower from 151-
159 ka than any comparable period during MIS 6 (Fig. 5.2). Variability in the 
temperature record is also muted, demonstrating a depression of the bipolar seesaw 
over this interval (e.g., Margari et al., 2014). I also note that this 151-159 ka interval 
both aligns with the N. Atlantic stadial conditions, inferred from N. pachyderma (s.), and 
occurs after a pronounced increase in synthetic temperature 160 ka BP. 
 While the spike in non-radiogenic ɛNd (MD03-2692) ca. 158 ka is 
contemporaneous with sea level rise (Waelbroeck et al., 2002), increased fluxes of 
terrestrial sediment and freshwater, and the arrival of cold surface waters 
contemporaneous with decreasing benthic δ13C at the Iberian Margin (MD01-2444), the 
decrease in benthic δ13C in the Icelandic Strait (ODP 983) indicates a shutdown in 
NADW formation ca. 155-151 ka BP. The Iberian Margin deep waters are fed by the 
Upper NADW, reflecting mostly Labrador but also Nordic Sea waters, and fringes of 
Lower Deep Water with Antarctica provenance (Skinner and Elderfield, 2007). 
Variability of the AMOC in the Nordic Seas, considered to be the most important site of 
NADW formation, is recorded by ODP 983 (Raymo et al., 2004). As such, the proxy 
evidence (Fig. 5.2) indicates contemporaneous slowdown of the Upper NADW with FIS 
melting ca. 158-154 while the Nordic Sea NADW was not interrupted until the end of 
FIS melting, lasting ca. 155-151 ka BP. 
 I speculate that the resolution to this AMOC conundrum, and by consequence 
the question of a bypassed MIS 6 termination ~155 ka, hinges on recognizing that the 
two major sites of NADW formation, the Labrador Sea-subpolar N. Atlantic and the 
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Nordic Seas (Greenland Sea and Norwegian Sea), can operate independently of one 
another. Such a decoupling of these NADW sites can be explained by paleoclimate 
evidence and the mechanisms of Wary et al. (2017). 
 In regards to the peak in synthetic Greenland temperatures ca. 160 ka BP, 
Swingedouw et al. (2013) argue that an input of fresh waters in the vicinity of Greenland 
would trigger the regional climate seesaw described by Wary et al. (2017). An injection 
of fresh waters, and consequent cooling of the subpolar N. Atlantic (e.g., Clark et al., 
2007; Ivanovic et al., 2018), caused by the warming pulse ca. 160 ka explains the 
pronounced onset of stadial conditions at ODP 983 by 159.5 ka BP (Fig. 5.2). Per Wary 
et al. (2017), cooling in the subpolar N. Atlantic and Labrador Sea is accompanied by 
significant warming of the Nordic Seas (and perhaps Greenland). 
 Extensive sea ice coverage in the Labrador Sea and subpolar N. Atlantic would 
reduce open-ocean convection and the corresponding formation of Labrador Sea 
Water, the major component of Upper NADW that flows to the Iberian Margin (Skinner 
and Elderfield, 2007). However, contemporaneous warming of the Nordic Seas 
encourages overturning and the formation of NADW, aided by the export of warm, salty 
tropical waters to the Nordic Seas underneath the subpolar N. Atlantic sea ice lid 
(Kleinen et al., 2009; Wary et al., 2017). 
 Multiple pieces of evidence suggest that the regional climate seesaw of Wary et 
al. (2017) reverses ca. 155-154 ka. First, melting of the terrestrial-terminating FIS stops 
at this time. While this is likely a function of the cessation of the atmospheric blocking 
that leads to warm European summers (e.g., Schenk et al., 2018), it may also indicate a 
loss of the Nordic Sea heat source (e.g., Wary et al., 2017). Second, a spike in IRD is 
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recorded ca. 154 ka at ODP 983, which I presume is related to the Icelandic ice cap 
responding to warming in the subpolar N. Atlantic. The relative percentage of N. 
pachyderma (s.) at ODP 983 also began to decrease at this time, reaching 70% by 151 
ka. Most importantly, the reduction in sea ice allows the resumption of Labrador Sea 
Water formation, consistent with the stabilization of benthic δ13C at the Iberian Margin 
(Fig. 5.2). Meanwhile, the combined effects of Nordic Sea cooling and reduced 
subsurface export of tropical Atlantic waters to the Nordic Seas are recorded as AMOC 
slowdown in the ODP 983 benthic δ13C record ca. 151-154 ka. 
 The injection of FIS meltwaters ca. 154-158 ka is contemporaneous with the 
reduced formation of Labrador Sea Water because both are expressions of the Wary et 
al. (2017) climate pattern. In addition to atmospheric blocking as a result of surface 
ocean cooling (e.g., Schenk et al., 2018), Nordic Sea warming provides a heat source 
for FIS melting while Upper NADW slows down with the freezing of the subpolar N. 
Atlantic. Because of the synergistic effects of Nordic Sea warming and the influx of 
tropical Atlantic waters, the FIS meltwaters could not sufficiently overcome the density 
stratification of the Nordic Seas to slow the formation of NADW. 
 Accordingly, I contend that there was no termination at ~155 ka because the two 
major sites of NADW formation did not shut down at the same time. I speculate that this 
is a consequence of the Wary et al. (2017) climate pattern being more pronounced 
during the 158-154 ka HS than HS1. Although ice sheets were voluminous ~155 ka, 
summer boreal insolation reached maxima, and components of the AMOC were 
disrupted for extended periods, the AMOC was never shut down in its entirety and there 
was not sufficient CO2 release in the Southern Ocean to trigger a deglaciation. While 
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Termination 1 and the preceding millennia were characterized by inter-hemispheric 
climate variability (e.g., Toucanne et al., 2015), such a bipolar seesaw was suppressed 
ca. 151-159 ka. With the missed opportunity for deglaciation ~155 ka, it took another 
~20 kyr for the termination of MIS 6 to commence (Cheng et al., 2006). 
 While both FIS melting events ca. 130 and 156 ka BP are predicted from the 
orbital relationship in Ch. 6, and conditions during both events were otherwise favorable 
to initiate a glacial termination, climate during the HS ~155 ka was characterized by 
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